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calorimetry in_evaluation of pyrolysis, combustion performance, kinetics parameter and higher

heating_value_of bamboo wood chips

Technology Ladkrabang

ABSTRACT

Bamboo wood chips could be a superior green fuel for Thailand to take advantage of
economical and environmental benefits by establishing good rule and regulation toward afforestation
of energy crops without altering the food chain. Before selling the biomass commercially, the heating
value, pyrolysis and combustion characteristics, and kinetic parameters must be recognized in
advance so that it will get its actual monetary value instead of random cost per kilogram. In order to
measure its properties without consuming more time as thermogravimetric analysis (TGA) (16-24
hrs/sample) and bomb calorimeter (50 min/sample) are lengthy processes, a non-destructive near
infrared (NIR) spectroscopy (2-3 minutes/sample for every parameters) is used for this research. In
addition, knowledge of kinetics of biomass decomposition mechanism helps to determine the
activation energy, pre-exponential factor and reaction order, which are essential parameters for the
design of a reactor and optimized composition of products. NIR spectroscopy is reported for

evaluation of kinetics parameters as well.

Keywords: near infrared spectroscopy, thermogravimetry, bomb calorimetry, pyrolysis, combustion performance,

kinetics parameter, higher heating value, bamboo wood chibs
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CHAPTER 1

INTRODUCTION

1.1.Importance and Significance of Research

Current fossil fuel crisis, increasing cost of fuel and rising environmental air pollution concerns has
fostered the development of biomass resources as an alternative energy source f 2]. Biomasses in
term of agricultural resources supply energy in two forms from energy crops and residue of crops
. 4]. So, a fast growing energy crops are needed which can mitigate the current energy crisis
having less impact on environmental pollution. In such case, bamboo can be a crucial plant as it i‘s

one of the most fast growing, productive and versatile multi-purpose tree which can be grown in

wide range of soil.

In 2013 A.D, the total energy consumed in Thailand was 75,214 ktoe; where, the highest energy,
47.79% of the total, was derived from the petroleum products. On the other hand, the consumption
of renewable energy other than biomass was 5,27.8 ktoe which was in similar figure to coal and
natural gas consumption, 5,947 and 5,339 ktoe respectively [5]. However, the consumption of
biomass in forms of fuel wood, paddy husk, char coal, agricultural wastes was 8,076 ktoe which
was higher than the consumption of coal and natural gas products [5]. These figures indicate that

the biomass has potential to substitute the fossil fuels.

The energy plays a vital role in a country economy x and, also, one of the most essential needs
for human being. Thailand falls under tropical zone where the average temperature is 27 °C and
annual rain fall of 1,200-1,600 mm/year [7]' Bamboo is found naturalized in most tropical and
subtropical areas of the world [8]. It is advantageous for both energy and environment because
biomass is considered as CO, neutral [9]. In general, pelletization of biomass produce the pellet
which has higher density and enhance in heating value in compare to raw of same kind [101.
Meanwhile, it is easier and safe to transport and has greater economic value in the share market.
Therefore, Thailand government can take advantage of such economic and environmental benefit
energy crops by establishing good rule and regulation toward afforestation of energy crops without
altering the food chain. It is not necessary to be only leading exporter of biomass energy but must

be able to supply the demanded energy to its own market. This activity will lead to a first zero

1



emission country by also creating a new job opportunities. Furthermore, the ash can use as an
agricultural fertilizer, neutralizing agent, calcination or additives in building materials according to

11
their composition [ ].

Before selling the biomass or its pellet, commercially, its moisture content and combustion
characteristics “Combustion performance index, Burnout index and Ignition index” must be
recognized in advance so that it will get its actual monetary value instead of random cost per
kilogram. The moisture content and combustion characteristics of the single batch of wood pellets
produced in a factory may not be similar with all the batches as they are derive from different
source and age. These properties are equally important for biomass or its pellet production plant
and the combustion plants. So, in order to measure its properties without consuming more time as
thermogravimetric analysis (TGA) and oven drying method are lengthy process, so a new method
should be implemented. To mitigate this problem, near infrared (NIR) spectroscopy has found a

scope for its application.

The thermogravimetric and oven dry procedure are destructive and takes approximately 3-24 hours
for thermogravimetric analysis and more than 12 hours for oven dry method which also requires a
skilled manpower. NIR spectroscopy is based on the absorption of electromagnetic radiation in the
region from 780 to 2500 nm (12820-4000 cm-1) ", The fundamental absorptions occurring in the
infrared region extend down to lower wavelengths as overtones and combinations. The NIR
spectroscopy technique can provide rapid results in seconds or continuously on-line, rather than in
hours or days, with an accuracy and reproducibility equivalent to most reference methods. Other
advantages of NIR include its low cost per test, low labor costs, no required chemicals to purchase
or dispose great flexibility in sample presentation and the capability of testing many constituents
simultaneously. This method is environment friendly because it requires no chemicals. The
instrument is simple to install and operate, does not produce any emissions which need to be
removed by drainage or exhaust and easy to prepare sample. Many instruments are of the stand-
alone type and their durability allows them to work well for more than ten years. Instruments can
be networked to use the same calibration, with their performance controlled from a single control
center. NIR spectroscopy has been applied for the ‘evaluation of moisture content of rice straw by
Jin et al "3], solid biofuels by Jensen et al [14], Jatropha curcas kernels by Posom and Sirisomboon

[15], compost by Suehara et al [16], Miscanthus x giganteus and short rotational coppice willow by
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Fagan et al rn and many other authors. Furthermore, NIR spectroscopy has been applied for the
evaluation of lignocellulosic compound content of sugarcane biomass e straw content of straw-coal
blends rel heating value of straw [201, Miscanthus and coppice willow [21]. However, there has been
none of works that relate combustion parameters of biomass with NIR spectroscopy. Therefore, we
propose a research on "Near infrared spectroscopy as an alternative for the measurement of in
evaluation of pyrolysis, combustion performance, kinetics parameter and higher heating value of

bamboo wood chips" to solve the problem of delay in measurement.

1.2.0bjective

The overall objective of this study is to develop the model that correlate the NIR spectral
characteristic of the wood chips of bamboo (Dendrocalamus sericeus cl. Phamon) with its TGA
pyrolysis and combustion performance, kinetics parameters by kinetics analysis and heating value
obtained by bomb calorimeter and to prove the possibility of NIR spectroscopy to be an alternative
and rapid method for evaluation of the properties.

The specific objective are to:- evaluate the Volatiles Matter, Fixed Carbon, Ash, Heating value,
Combustion performance index, Burnout index, Ignition index, Kinetics parameters such as
Activation energy, Pre-exponential factor, Order of reaction, Pyrolysis performance such as Onset
temperature, Peak temperature, Maximum mass loss rate and offset temperature) of bamboo wood

chips from different culm circumferences.

1.3.Expected result
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11.5 HaduaNNsnndnsuns LLEW‘M%E)LNEJLLWﬂU'J'ﬁﬂ’]SSWTU‘U’]C?)LLﬁSSSﬁUN']U"I‘Uﬁmﬁ 1y J. Near Infrared
Spectroscopy (IF1.480) Bioresource Technology (IF 4.494) Biomass & Bioenergy (IF 3.394)
“UnpuAdefiniaineglasuntsifu:

1. The pyrolysis and combustion performance of bamboo (Dendrocalamus sericeus cl. Phamon)
wood chips.

2. Thermal kinetics parameters of bamboo (Dendrocalamus sericeus cl. Phamon) wood chips.

3. Evaluation of pyrolysis characteristics of bamboo (Dendrocalamus sericeus cl. Phamon) wood
chips using near infrared spectroscopy.

4. Evaluation of combustion characteristics of bamboo (Dendrocalamus sericeus cl. Phamon)
wood chips using near infrared spectroscopy.

5. Evaluation of higher heating value of Leucaena leucocephala pellets using near infrared
spectroscopy.

6. Evaluation of thermal kinetics parameters of bamboo (Dendrocalamus sericeus cl. Phamon)

wood chips using near infrared spectroscopy.
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CHAPTER 2
LITERATURE REVIEW

2.1.Biomass

The energy resources have been split into three categories: fossil fuels, renewable resources and

[3,
nuclear resources

14]. Renewable energy sources, often named as alternative energy resources,
are those resources which can be used to produce energy again and again: e.g. solar energy, wind
energy, biomass energy, geothermal energy, etc. [151. Energy crops and residue of crops are the
two major sources of energy that is supplied by agricultural product. Bioenergy production can
replace fossil fuels contributing to the reduction of greenhouse gas (GHG) emissions by direct
burning of biomass to generate electricity = 3]. Combustion of biomass does not contribute to net
increase in CO, during its combustion because biomass consumes the same amount of CO, from
the atmosphere during its growth as it release during combustion P g W Biomass, also, plays
the great role in the world economy. Although, much of the rural population in developing countries,
which represents about 50% of the world’s population, relies on biomass as energy but in
industrialized country biomass represent only 3% of primary energy consumption [4]. The
components of biomass include hemicelluloses, cellulose, lignin, extractives, lipids, proteins, simple
sugars, starch, water, hydrocarbon, ash, and other compounds where cellulose, hemicelluloses and

6!
lignin plays a vital role during biomass combustion X

2.2.Bamboo

Bamboo is the vernacular or common term for members of a particular taxonomic group of large
woody grasses (subfamily Bambusoideae, family  Andropogoneae/Poaceae). Bamboos are
distributed mostly in tropical region; occur naturally in subfropical and teinperate zones of all
continents except Europe, at latitudes from 46°N to 47°S and from sea level to 4000m elevation.
Bamboos are use as construction and reinforcing fibers, paper, textile, food, combustion and other

bioenergy applications [5]. The salient features of Dendrocalamus sericeus cl. Phamon commonly
18
name as phai sang mon in Thailand [ ]:-

> Height >15 m
> Cuim diameter:- 10 cm

> Dark green culms and foliage, thick-wall culms



> Easy growing, moisture-retentive soil, full sun, somewhat drought-resistant
> Culms for house construction and furniture, mainly planted in Thailand for producing

chop-sticks and tooth-picks

Identification not yet verified

2.3.Near infrared spectroscopy

Fagan et allg] predicted moisture content of Miscanthus x giganteus and short rotational coppice
willow with a root mean square error of cross validation of 0.90% (R2=0.99). Jin et al. m predicted
moisture content of rice straw with standard error of prediction 1.01 % (R2=0.8871). In addition,
NIR spectroscopy has been investigated for determination of chemical content in biomass. Via ét
al. el characterized the changes in biomass (sweet gum, loblolly pine, and switch grass) with
torrefaction for near infrared reflectance (NIR) and attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy. Calibration models were built for the prediction of proximate
analysis after torrefaction. It was concluded that both systems could be used for rapid monitoring,
NIR performed better than FTIR. He et al. " used NIR spectroscopy for qualitative analysis of
straw, blend1 (straw content from 70-89% and coal), blend2 (straw content from 1-30%and coal)
and coal where correct classification percentage were 89.87, 79.66, 94.92 and 100%, respectively.
Sabatier et al. froy evaluated the lignocellulosic compounds including hemicelluloses, cellulose and
lignin in sugarcane biomass and obtained correlation of determination (R2) of 0.45-0.77 and
standard error of prediction (SEP) of 1.16-1.37% dry matter.

However, to this date, there is no any research reported on the evaluation of combustion
performance including combustion index, ignition index and bum out index of biomass and or its

pellets by NIR spectroscopy.

2.4.Bomb calorimeter

It is a device used to measure the heat of combustion of particular reaction; the higher heating
value. The higher heating value includes the energy released by the condensation of water present
in the biomass initially and the water formed from the hydrogen in the fuel. In order to determine
the higher heating value, Podder et al® used the oxygen bomb calorimeter in their research on
effect of compression pressure on eight different species of lignocellulosic biomass pellet (Gurjan
Balsam (Dipterocarpus turbinatus Gaertn.), Teak (Tectona grandis L.f.), Burmese Teak (7. grandis),

Champak (Michelia champaca), Scots Pine (Pinus 'sylvestris), Mahogany (Sweitenia macrophyila),
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Jackfruit (Artocarpus heterophyllus) and Burma Ironwood (Xylia kerrii)) to improve the higher

heating value.
2.5.Thermogravimetric analysis (TGA)

The present definition of thermal analysis formulated by the International Confederation for Thermal
Analysis and Calorimetry (ICTAC) reads as follows: Thermal Analysis (TA): A group of techniques
in which a property of the sample is monitored against time or temperature while the temperature
of the sample, in a specified atmosphere, is programmed [21]. TGA helps us to study the thermal
behavior of a sample, biomass, under inert and reactive atmosphere. Taking the advantage of
TGA, various researchers performed research on pyrolysis and combustion characteristic of

biomass deploying thermogravimetric analyzer as described below:

Luo et al 22 performed “experimental study on the oxygen-enriched combustion of biomass micro
fuel” and concluded that the oxygen enriched atmosphere improves the combustion, however
volatile releasing temperature, ignition temperature and burnout temperature decreases which was
also proved by Qing et al.m] .From the experiment of Yang et al. [24], it was concluded that particle
size of 250um to 2mm has insignificant influence on pyrolysis process. Also, pyrolysis process can
be categorized into four zones: initially, in the temperature range of below 220, moisture
evaporation takes place around 100°C, hemicellulose decomposes around 220-300 °C, cellulose
around 300-340°C and lignin decomposition manly occur above 340°C. Barneto et al., el studied
the pyrolysis characteristic and combustion behavipr of Leucaena leucocephala biomass and its
compost with the help of TG and DTG along with the biomass component i.e. hemicellulose,
cellulose and lignin. Sivasangar et al.,m.studied the thermal behavior of lignocellulosic materials
under aerobic/anaerobic environments comparing raw and demineralize empty palm fruit's bunch
(EFB) and conclude that the mineral contents in raw EFB act as a catalyst which enhance the
decomposition of raw biomass at lower temperature as compared to demineralize EFB. Also,
hemicellulose shows the early decomposition followed by the cellulose and lignin. Furthermore, the

reactive environment favors complete decomposition than inert atmosphere.



2.6.Kinetic analysis

The fundamentally kinetic model obeys the famous Arrhenius equation and the rate of reaction (k)
[26]

is given by:
~E
K(t) = Aexp [E] (1)
d ~E
d—j = Ae RT(1 — )™, )

where A is the frequency or pre-exponential factor, E is the activation energy of the reaction, R is
the universal gas constant, T is the absolute temperature, n is the order of reaction, tis the time,

and ( is the fraction of reactant decomposed at time t (min).

The extent of reaction, O is defined in terms of mass change in the sample or the mass of volatile
generated
Wo—-W
a4 =—-—
Wo"'Wf

Where, Wy, W and W; are the initial, actual and final weights of the sample, respectively

@)

In order to simplify the calculations, the order of the reaction, n is assumed to be unity, and hence

Eq. (2) can be derived " and presented as follows:

In [—- ln(;—z-“)] = lﬂ [1;% — %, )

where ﬂ is heating rate. Above Eq. (4) will result in a straight line with slope -E£/R and an intercept

of In [AR/BEJ. This was done by plotting graph between following:

_1-(1-a@) 1
n [ = (1_n)] versus - (forn # 1), (5)
Or
_n(1-a) 1 _
In [ —r ] versus — (forn=1), (6)
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The values of A and T would be obtained from the TG analysis. The criterion used for the
acceptable values of E and A is that the final value of n should yield the values of E whose linear
correlation coefficient are best fitted. The apparent activation energies were obtained from the

slope and pre-exponential factors from the intercept.of regression line.

The parameter of kinetic analysis such as activation energy, pre-exponential factor, and order of
the reaction of samples are determined by using modified form of Arrhenius equation. Activation
energy helps to find out the minimum amount of energy needed to initiate a chemical change,
whereas pre-exponential factor and the order of the reaction helps in calculating the reaction rate
[27]. Many researchers have been studied kinetic analysis using thermogravimetric data for biomass
such as sugarcane bagasse and cotton stalks powders [281’ wood, pellets [29], saw dust and wheat

. 30] . . ), 31 26
husk & woody blomass[ ], lignocellulosic blomass[ ] and date palm[ l.

2.7.Combustion performance
Combustion performance is the combustion ability of a fuel. The performance is indicated by

combustion performance index (S ), fgnition index (Di( and burnout index (Df) which could be

calculated by the following equations:

S = (AW /At ax X (AW / dt)nean
Tiz XTh
_ (awW/d)max
D = ———7&
LS
(AW/dt)max
s Atatyts

(-4
mean

where (dW/dt)cmax is the maximum mass loss rate, (dW/dt)

T, is ignition temperature, 7, is burnt out temperature, f,is time at maximum mass

loss, ¢, s ignition time, t, is burnt out time, and ¢,, is time at (dW/dt)/(dW/dt)” = 1/2

max

is the average of mass loss,

c

The higher the indices indicate that the fuel has higher combustion performance.
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2.8.Possibility of applying NIR spectroscopy on evaluation of pyrolysis and combustion
performance and kinetics parameters

Due to the pyrolysis and combustion performance and kinetics parameters' are physical parameters

which have no NIR absorption bands, they should correlate with chemical constituents that have

the absorption bands. The pyrolysis and combustion performance are related to the lignocellulosic

[26,27.28

compound, i.e. hemicelluloses, cellulose and lignin 20 .where there is NIR absorption bands at

1218, 1360, 1492, 1584, 1728, 1830, 2110, 2186, 2262, 2314 nm are for hemicelluloses * and at
1780, 1820, 2270, 2336, 2488 nm are for cellulose . For lignin, the wavelength range at 2449-
1287 nm (4083-7773 cm'1) was used successfully for lignin prediction in corn stalk [34]. Jin and
chen ", Liu and Chen ¥ and Sabatier et aI " proved that NIR spectroscopy is suitable for the
analysis of compounds (hemicellulose, cellulose and lignin) in lignocellulosic material. These
reviews indicate that there is a possibility to evaluate the pyrolysis, combustion performance and
kinetics parameters which are derived from the thermogravimetric analysis based on combustion
and pyrolysis. However, to apply NIR spectroscopy, due to broad band of vibration, it is needed
chemometric in multivariate analysis such as partial least square regression to develop calibration
model. NIR spectroscopy has been successful in determination of some physical characteristics
such as rubber latex viscosity with R’ of 0.95 [35], refractive index of vegetable oil with R’ of 0.94™

Wood density with R” of 0.96™" and higher heating value of torrefied biomass with R of 0.92%"
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CHAPTER 3

NON-DESTRUCTIVE EVALUATION OF HIGHER HEATING VALUE, VOLATILE
MATTER, FIXED CARBON AND ASH CONTENT OF BAMBOO USING NEAR
INFRARED SPECTROSCOPY

3.1.Abstract

This research aimed to determine the higher heating value (HHV), volatile matter (VM), fixed
carbon (FC) and ash content (A) of ground bamboo using Fourier transform near-infrare{d
spectroscopy as an alternative for bomb calorimetry and thermogravimetry. The different
circumference of the culm have a range approximately of 16-18, 18-20, 20-22, 22-24, 24-26, 26-28,
28-30, 30-32, 32-34, 34-36, 36-38 and 38-40 cm. Mode! development was optimized using partial
least squares regression. The HHV, VM, FC and A were predicted with coefficient of determination
(Rz) of 0.924, 0.944, 0.850 and 0.508; root mean square error of prediction (RMSEP) of 122 Jg-',
0.653%, 1.21% and 0.768%; ratio of the standard deviation to standard error of validation (RPD) of
3.66, 4.53, 3.10 and 1.44; bias of 14.4 Jg-1, 0.229%, -0.668% and -0.108%, respectively.

The report shows that the NIR spectroscopy is fairly successful in determination of HHV and VM,
and is usable with caution for most applications for determination of FC. For A, the method was not
recommended. In addition, the models for HHV, VM and FC were influenced by lignin, cellulose
and lignin and cellulose respectively.

Keywords: Fourier transform near infrared spectroscopy; volatile matter; fixed carbon; ash content;

higher heating value; partial least squares regression

3.2.Introduction

Bamboo is a kind of biomass which has many advantages such as fast-growing, high strength, and

a high yielding natural source f.

2]. Bamboos are Iérge woody grasses that include 1250 species
within 75 genera. It produces rapid growth and attains stand maturity within five years ° Some
species can grow up to a foot a day under the right condition..m In the south of Asia, bamboo is
used for building walls, floor, roof, apparatus, and handicrafts. In addition, bamboo also has great
potential as a renewable energy Bl Scurlock et al.mreported that bamboo has potential to provide

bioenergy due to low ash content (A) (1% or less) and higher heating value (HHV) that ranged
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from 19090-19570 Jg". Darabant et al.” reported that bamboo B. beecheyana and D.
membranaceus species were attractive options as bioenergy feedstock with high volatile mater
(VM), low A and high HHV of 74.08 and 74.17%; 1.92 and 1.97%:; and 19347 and 19513 Jg'1,
respectively. Meanwhile, Cheng et al. o reported HHV of the two bamboo species were in the
range of 19.4-19.9 MJkg'1 In addition, age difference of bamboo biomass can make a significant
influence on yield and properties of the fast pyrolysis products.[el It is possible that the chemical
composition of biomass also changes with either age or external factors such as location, harvest
age, soil properties and so on. Darabant et.al m Biomass yield from bamboo depends on the
location where it is produced. For bamboo biomass, the cellulose content decreased, lignin content
increased and ash content increased when the age of bamboo increased from one year to three

years. e These factors affected on the thermal processing characteristic.

Understanding of the characteristic of biomass helps in designing the optimum thermal conversion
system. el The HHV and proximate analysis data are important in thermal processing. e The
HHV is the one of the thermal characteristics that expresses how much energy can be obtained
from biomass material. 4] When biomass is used in thermal conversion process and power plant,
the knowledge of HHV is required. It is an important parameter for power plants planning using
biomass fuel. '~ Meanwhile, VM and fixed carbon (FC) help to know the combustion behavior
and the plant design. P! In fast pyrolysis processing, VM is a substance that vaporizes such as gas
or vapor. It was used to evaluate the performance of the biomass pyrolysis and gasifier by the rate

") In addition, it also helps to evaluate the bio-oil condensation. In slow

of gas production.
pyrolysis, the knowledge of FC helps to evaluate the weight of bio-char or solid product. On the
other hand, A is the solid residue after the fuel is burned. it is negative to heat consumption and
this knowledge is important for the design of the storage bins in thermal conversion processing, el

besides, the high A effects there is problem for transportation system.[g]

In the trade of biomass, a random cost per kilogram is used for biomass price and it is not fair.
Therefore, the price of biomass should be set by considering the HHV and proximate analysis daté.
Normally, HHV can be determined by bomb calorimeter. The proximate analysis data can be
determined using thermogravimetric (TG) analysis by direct measure of weight changes on each
sample’s TG chart. o Both parameters need a high skilled technician. Then, workers are

uncomfortable in these methods because the time consumption is taken at approximately 3-24 hrs
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per sample for TG analysis and 50 min for bomb calorimeter. Hence, the new method that can be
used to rapidly check the properties for setting the price of biomass instead of the old methods is

essential.

Near infrared (NIR) spectroscopy is the technique which there were many advantages such as
non-destructive (sample can be returned to population), rapid (usually time consumption was 2-3
minute), environment friendly (no or few chemical) and low labor cost. There were some application
of NIR spectroscopy on biomass such as moisture content and HHV of Jatropha cucas L.ne],
thermal properties of Jatropha cucas L.[m, hemicellulose, cellulose and lignin in sorghum [18], HHV
of biomass from dedicated Irish bioenergy crops, i.e. Miscanthus and two varieties of shoit
rotational coppice willow (SRCW)“g], moisture, calorific value, ash and carbon content of harvested
Miscanthus and SRCWIZO], and moisture content, total carbon content, A and HHV of a multi-variety

1
biomass peliet sample set.[2 :

In addition, determining characteristic (thermal properties and proximate analysis data) of biomass
by rapid non-destructive means is important in determining the theoretical yield from a biochemical
conversion.“g] It can be used to monitor biological or thermochemical conversion processes of
bamboo as a quality evaluation method and to design thermal chemical conversion methods such
as gasification and pyrolysis processes of bio-energy. Thus, this study aimed to apply NIR

spectroscopy on the determination of HHV, VM, FC and A of ground bamboo.

3.3.Material and methods

3.3.1.  Sample preparation

Bamboo of Phamon variety of 12 different groups of culm circumference (approximately 16-18, 18-
20, 20-22, 22-24, 24-26, 26-28, 28-30, 30-32, 32-34, 34-36, 36-38 and 38-40 cm) measured from
10 cm above the ground was collected which is planted in Uttaradit province of Thailand. The
bamboo trunk was cut 10 cm above the ground to avoid the soil and root attached to the trunk.
The bamboo samples were collected of different culm circumferences because the assumption was
made that, “the bamboo of different culm sizes would provide different thermal properties and
energy properties”. A total of 80 samples were obtained. Ten kg bamboo of each sample were

chopped by the chopping machine (P5508, Patipong, Thailand) and dried under the sun until the
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moisture reached around 5% wb, ground pass through the sieve diameter of 3 mm (60201, QC,
UK) and kept in the aluminum bag before experiment. The 5% moisture content of the dried
bamboo wood chips was obtained by randomly selected samples for determination of moisture

content by hot air oven method is used at the temperature of 105°C until constant weight.

3.3.2.  Near infrared spectral scanning

The experiment was done at the laboratory of Near Infrared Spectroscopy Research Center for
Agricultural Product and Food (www.nirsresearch.com) at the Curriculum of Agricultural
Engineering, Department of Mechanical Engineering, Faculty of Engineering at King Mongkut's
Institute of Technology Ladkrabang. The scanning of the sample was done using FT-NIR
Spectrometer (MPA, Bruker, Germany) with diffuse reflectance mode at the wavenumber range of
12500-3600 cm’ with resolution of 8 cm ' through the quartz bottom of sample cup of 43 mm in
diameter and 50 mm in height, containing the ground samples of height, which there was no light
leak. Before each sample was scanned, the gold plate was scanned as reference. The samples

were scanned and number of spectra for each sample is noted.

3.3.3. Biomass characterization

Higher heating value (HHV) of biomass was measured with a bomb calorimeter (C200, IKA,
Germany) and evaluated using isoperibol method. Before the measurement, bomb calorimeter was
calibrated using two of 0.5 g Benzoic acid pellet (C723, IKA, Germany). And then, the 0.5-1 g
sample was weighed using electronic balance (ARC 140 Adventure, OHAUSS, 0.0001 g

resolution), pelletized and subjected into the bomb calorimeter.

Biomass characteristic including volatile matter, ash, and fixed carbon were determined using
thermogravimetric analysis. In analysis, for monitoring mass loss and mass loss rate,
thermogravimetric analyser (TG 209 F3 Tarsus, Netzsch, Germany, 0.1 ug resolution; 6.8 mm
diameter aluminum oxide (AL,03) crucible) was used for ground bamboo sample of 6.0+0.5 mg.
Thermal program started from maintaining temperature at 30°C in 20 ml/min N, flushed
environment for 1 hour to ensure the zero O, environment, then increase the temperature to 700°C
with the heat rate of 10°C/min for pyrolysis, keep the temperature at 700°C for 1 hour to ensure
completing pyrolysis process, and then fed with 20 mI/min O, for 1 hour for combustion. The mass
loss at different time and temperature were recorded. The thermogravimetric (TG) profile and

differential thermogravimetric (DTG) profile was obtained using Proteus 6.0.0. (NETZSCH Software,
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Germany). TG and DTG curve showed the typical of degradation such as moisture release,
devolatilization and char degradation which can be used for approximation of the composition of
biomass. The biomass characteristic was determined by direct measure of weight changes on each
sample’s TG chart. The volatile matter and ash content were determined from sample’s DTG chart.
The ash content is the mass residue after burned. After that, fixed carbon can be calculated as
follows:

FC% =100 —~ (VM% + Ash%) )
Where, VM%, FC% and Ash% were the volatile matter, fixed carbon and ash content of ground
bamboo, respectively.
When HHV and proximate analysis data were determined, the outlier of reference data were also

determined using the following equation:

(_x_;j—)_x_) > 43 @)

Where Xi is the measured value of sample i. X and SD are the average and standard deviation
of the measured values of all samples, respectively. If the equation was satisfied, the sample was

outlier and it was then removed from reference data set.

3.3.4.  Repeatability, reproducibility and maximum coefficient of determination (Rl%lax )

Before the model was developed, the spectral data and the measured reference data were
checked for the repeatability and reproducibility. The reproducibility of spectral data is the standard
deviation of absorbance values, when the sample was re-loaded and re-scanned for 10 times (Phil
Williams, personal communication). The 10th loading was left in the cell and re-scanned 9 more
times, to achieve 10 scans with the sample in the same position within the cell. The standard
deviation of the obtained absorbance values was the repeatability of the instrument. The
.absort-:ance value at wavenumber of 5176 cm'1 (1932 nm) was used for the calculation. The
absorption at any wavenumber could be selectéd for determination of the repeatability and
reproducibility of NIR scanning. The wavenumber of 5176 cm'1 (1932 nm) was the absorption band
of water in the ground bamboo spectrum. The NIR absorption band of water was the obvious
highest peak in the spectrum. The peak was easily changed when the scanning conditions were
varied. The repeatability of measured value was the standard deviation of the different between
duplicates. On the other hand, the reproducibility of measured value was the standard deviation of

the different between duplicates, but it was obtained from blind samples. Then the repeatability of
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measured value was used to determine the maximum coefficient of determination (R%/Iax)- which

was calculated using following formula [22]:
SDZ—Rep?
Ritax = —2r ©)
SDy

where SDy is the standard deviation of data of. measured value in calibration set. R%/[ax is

possible only when there are no errors in the spectra or the model.

3.3.6.  Spectrum pre-processing and NIR spectroscopy modeling

The NIR spectroscopy models for predicting the HHV, VM, FC and A from ground bamboo
obtained from bamboo trunks with different circumferences of the culms was established using
Partial Least Squares regression (PLS). The software program (OPUS, v. 7.0.129, Germany) was
used for multivariate analysis for spectrum preprocessing and model development. The spectra
without pre-processing or with pre-processing by the following methods: constant offset elimination,
straight line subtraction, vector normalization, min-max normalization, multiplicative scatter
correction (MSC), first derivatives, second derivatives, first derivatives + straight line subtraction,
first derivatives+ vector normalization and first derivatives + MSC was used for model development.
The samples was then subdivided into 80% of the calibration sample set and 20% of the validation
sample set by using random division automatically by the software, however, the maximum value
and minimum value were set to be in the calibration set. The optimal model was selected by lowest

of root mean square error of prediction. The outlier was calculated by Mahalanobis distance limit.

The regression coefficient and X-loading weight of each PLS factor was determined by the
software program and plotted. The coefficients of determination (Rz), root mean square error of
prediction (RMSEP), ratio of prediction to deviation (the standard deviation to standard error of
prediction, RPD) and bias were used to assess the performance of the PLS model. According to
Williams (2007), the model with R® between 0.66-0.81 could be used for screening and some other
“approximate” calibration. Therefore R2 below 0.66 should be considered as low Rz which the

model could not be applied for quantitative analysis.

3.4.Results and discussion

21



3.4.1. Repeatability, reproducibility and R,

Table 3: 1 Repeatability, reproducibility and R_Max”*2 of higher heating value, volatile matter, fixed carbon,
ash and absorption at 5176 cm-1 (1932 nm) of ground bamboo.

Paramerter Repeatability
SD of the difference of | SD of the difference of R2 Max
Duplicate Blind Duplicate
Higher Heating Value | 68.34 64.46
0.955
Volatile matter 0.593 0.916
0.860
Fixed Carbon 1.087 0.845
0.862
Ash Content 0.829 0.5652
0.561
Absorption value at | 0.00467 0.01816
5176cm 1932 nm of i i
Sample number 28

Repeatability, reproducibility and R%nax of HHV, VM, FC, A and absorption at 5176 cm'1 (1932
nm) of ground bamboo were shown in Table 3:1. They were the precision of reference laboratory
and NIR spectrometer. The values of anax of higher heating value (0.955), volatile matter
(0.960) and fixed carbon (0.862) were high indicated that the NIR model was reasonable for
development. Though the value for ash content was too low (0.561) indicated that it is not
reasonable to develop NIR model. The repeatability of the reference laboratory for ash content was
also high (21% of mean). The ratio of the repeatability of absorbance value per its mean
(0.004668/0.408386) was approximately 1.14%. Meanwhile, the ratio of the reproducibility of
absorbance value per its mean (0.01816/0.401406) also was approximately 4.50%. These meant

that the error of 1.14% occurred due to NIR spectrometer and the error approximately of 3.36%
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(4.5-1.14%) occurred due to sample. They were the unexplained variance of the scanning system.

2
R%V[ax is possible only when there are no error in the spectra.[

3.1.1 Measured values

6]

Table 3: 2 Higher heating value, volatile matter, fixed carbon and ash content of ground bamboo obtained

from bamboo trunks with different circumferences of the culms.

Diameter N Higher heating value (J g Volatile matter Fixed carbon Ash content
range (mm) ) (%) (%) (%)
16<L<18 8 17706.75+£342a 59.52+1.81bc 30.49+2.59bcd 4.18+1.26a
18<L.<20 6 17780.33+120a 62.22+£2.27a 28.62+3.11d 3.61x0.65a
20<L<22 6 17775.16+317a 60.75+2.84ab 29.76+3.36¢d 4.06+1.32a
22<L<24 7 17730.92+357a 58.4422.09bcd 31.52+1.53abe 4.25+0.87a
24<1L26 6 17892.41+142a 57.28+1.10cd 33.08+1.10ab 3.96+0.73a
26<L.<28 6 17846.33+£449a 56.82+1.66¢cd 33.74+0.73a 3.47+1.01a
28<1.<30 8 17653.93+524a 57.39+1.71cd 32.24+2.12abc 3.89+1.21a
30<L<32 8 17773.06+385a 57.69+2.90cd 32.32+2.13abc 3.67+0.95a
32<L<34 7 17875.92+550a 57.17+1.17¢d 33.15+1.71ab 4.06+0.72a
34<L<36 7 17896.92+341a 56.75+2.52d 33.12+1.82ab 3.56x1.16a
36<L<38 5 17966.70+226a 58.69+2.22bcd 32.28+2.06abc 3.08+0.36a
38<L<40 6 17997.66+203a 58.06+2.21cd 32.68+1.33ab 3.93+0.57a

Different letters in the same column indicates the different means that are significantly at p>0.05 by the Duncan

multiple range test. N is number of samples. L is circumference of the culm.

Table3:2 shows the HHV, VM, FC and A of ground bamboo. As expected, the HHV and A were
not different between the different circumferences of the culms. For VM and FC, there were 4
different levels but they were also not obviously seen. Hisham et al.m] and Scurlock et al.m
reported that the thermal and chemical characteristic of bamboo changed with the different age
such as HHV, hemicellulose and cellulose. Thus, it could be concluded that there also was no

relationship between size of circumference and age of bamboo.
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3.4.2. Sample spectra

The mean NIR spectra of ground bamboo can be observed in Figure 3:1. There were obvious
peaks at 6,792, 5176, 4725, 4413, 4305 and 3988 cm’”’ (1472, 1932, 2116, 2266, 2323 and 2508
nm). The wavebands of 1471 nm are N-H stretching first overtone of CONHRM, 1830 nm is O-H
¥4 2110 and 2262 nm are

hemicellulose, 2323 nm is C-H stretching + C-H deformation of CH,, 2500 nm is C-H stretching -+

stretching + H-O-H bending combination of polysaccharides

C-C stretching of starch.m] Polysaccharide were the starch and cellulose structure, they consists of
many monosaccharide. Cellulose is a linear polysaccharide polymer. It was the primary component
in the cell wall, and starch also was the source of energy of plant cells. Meanwhile, the structure of

CH, appears on lignocellulosic such as hemicelluloses, cellulose and lignin.

1.2 4

log (1/R)

P

11600 9600 7600 5600 3600
Wavenumber (cm™)

Figure 3: 1 Average NIR spectra of ground bamboo.

3.4.3. Model and validation
The statistical data used for model development are shown in Table 3:3. Table 3:4 shows the

results of the optimum PLS models for the properties studied.
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Table 3: 3 Statistical data of higher heating value, volatile matter, fixed carbon and ash content of ground

bamboo used in model development.

Calibration set

Validation set

Parameters
N Max Min Mean SD N Max Min Mean SD
Higher heating value (Jg') | 64 | 18357.0 | 16534.5 | 178429 | 3233 | 16 | 18319.5 | 16898.5 | 17701.9 | 456.5
Volatile matter (%) 64 | 65.015 | 54510 | 58371 | 2259 | 16 | 62.905 53.56 58.223 | 2.859
Fixed carbon (%) 64 | 36.28 26.525 | 32294 | 1.9601 | 16 35.47 25.76 30.893 | 3.227
Ash content (%) 64 6.65 1.72 3.868 0.957 | 16 6.13 1.84 3.726 1.130

Table 3: 4 Results of partial least squares regression models for higher heating value, volatile matter, fixed

carbon and ash content of ground bamboo.

Calibration set Validation set
wavenumb
Pre- PLS
Parameter er range . ., | RMSE , | RMSE
a processing fact | R R RPD | Bias
(cm) E P
or
Higher
6102- Min-Max 0.92
heating 7 0.87 124 122 3.66 14.4
4597.7 normalization 4
value
Volatile 6102- 0.82 0.94
First derivative 8 1.01 0.653 | 4.53 | 0.229
matter 5446.3 7 4
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4424.2-
4246.7
7502.2-
First derivative
Fixed 6800.2 | 0.80 0.85 -
+ vector 8 0.932 1.21 3.10
carbon 5450.2- 3 0 0.668
normalization
4246.7
9828-
First derivative
Ash 8933.2 0.67 0.50 -
+straight line 8 0.587 0.768 1.44
content 8046- 3 8 0.108
substation
5376.9

3.4.4. Higher heating value

The best model for prediction of HHV was developed using wavenumber range of 6102-4597.7 cm’
1, spectrum pre-processing of min-max normalization and PLS factor number of 7. It was selected
by the lowest of RMSEP. The RZ, RMSEP, RPD and bias of validation set were 0.924, 122 J g-1,
3.66 and 14.4 J g Williams’indicated that the model provided R’ between 0.92 and 0.96 could
be used for most applications, including quality assurance and RPD in the range of 3.1-4.9 could
be used for screening. The ratio between bias and mean of reference value (14.4 J g /17701.9 Jg'
1) was approximately 0.0813%. Therefore, the model should be acceptable.

The R%nax and R’ for HHV were 0.955 and 0.924, respectively. Normally, R:rznax is the coefficient
of determination of the prediction model when there are no errors in the spectra. This means that
4.5% of the total variation was the unexplained variance due to reference method. While, R2 equal
to 0.924, accordingly, 7.6% of the total variation was the total unexplained variance. It included
unexplained variance due to spectra and sample. Thus, 3.1% (7.6-4.5%) was the unexplained
variance due to either NIR spectra error or sample. According to the above explanation, the ratio of
the repeatability and reproducibility of absorbance value per its mean were in a range of 1.14 to
4.5%. Thus, it can be seen that 1.96% (3.10-1.14%) was the unexplained variance of sample.
Moreover, it can be seen that R2 can be approximated by the ratio of the repeatability and
reproducibility of absorbance value per its mean subtract from R%nax or R® = 0.955 -
(approximately 1.14 to 4.5%). Therefore, the error of higher heating value prediction of 4.5%,

1.14% and 1.96% was due to reference method, NIR instrument and sample, respectively.
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Therefore, the model can be improved by increasing the replicate number of reference value,
checking the accuracy of NIR instrument or always scanning the reference material before each

sample scan, and improving the homogeneity of particle size.
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Figure 3: 2 a) Measured vs NIR spectroscopy predicted higher heating value of ground bamboo of

validation set b) Regression coefficlent plots ¢) X-loading plots. PC_1, PC_2 and PC_3 are PLS factor 1, 2
and 3.
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Figure 3:2 shows the scatter plots of measured value by reference laboratory technique (Y axis)
and predicted value by NIR spectroscopy (X axis) of validation, regression coefficient plot and X-
loading plot for the higher heating value of ground bamboo. The regression coefficient plot and X-
loading weight plots of the first three PLS factors used in model development are used to interpret
the effect of absorbance at a peak wavenumber (X variable) on the prediction of the constituent or
properties (Y variable) on the molecular level. The high value at any wavenumber indicates that the
vibration of the particular bonds at the wavenumber strongly influences the model prediction.

The absorbance region of 5998 cm' (1667 nm), 4609 cm’ (2170 nm) and 5304 cm™" (1885
nm) in regression coefficient plots were important in the prediction of higher heating value. They
correspond to C-H first overtone of vinyl group, C-H stretching and C-H deformation
combination of C-H alkenes (HC=CH) and O-H stretching + 2xC-O stretching of water and
polyvinyl alcohol OH.™ The X-loading weight plot showed high peaks at 5234 cm' (1911 nm)
related with O-H stretching first overtone of POH™, at 4671 cm™ (2141 nm) related with =C-H
stretching + C=C stretching of HC-CH’* and at 5091 cm (1964 nm) related O-H and CH
combination from methanol (CHSOH).33 These results agrees with the results of Guimaraes et al.[zzl,
they reported that the peaks are at about 5940 cm'1 (first overtone of aromatic C-H stretching),
5230 cm”’ (first overtone of aromatic O-H stretching), 4415 cm' (combination band of O-H and C-O
stretching) was dependent to lignin. In addition, the molecule of HC-HC, alkenes (HC=CH),
methanol (CHZOH), vinyl group (C,H;) and polyvinyl alcohol OH also appeared on lignin

4
structure (Figure 6 (3:3)). N They were the hydrocarbon which are a primary energy source.

CH,0H CH,OH CH,OH
H H J:H
H H EH
OCH;  HsCO OCH,
OH OH OH
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coniferyl alcohol and sinapy! alcohol) and main mtermonomerlc couplings (B-O-4 a-0-4, B B B-S 5-5, 4-
0-5, 3-1) ®*

Meanwhile, lignin content was mainly related to HHV of biomass.m'zn Posom and

Sirisomboon“el reported that vibration bands of fiber and cellulose had important effect on the
prediction of HHV of Jatropha curcas L. This agreed with the results of Fagan et at.m], which was
shown that vibration band at 1148 nm and 1524 nm which were wave bond of C-H second
overtone of CH; and O-H stretching first overtone of starch, which was important in the prediction
of calorific value of Miscanthus and Short Rotational Coppice Willow (SRCW). Thus, determination

of HHV was effected by the vibration of C-H bond of lignocellulosic compound.

Volatile matter
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Figure 3: 4 a) Measured vs NIR spectroscopy predicted volatile matter of ground bamboo of validation set

b) Regression coefficient plots c) X-loading piots. PC_1, PC_2 and PC_3 are PLS factor 1, 2 and 3.

Scatter plots of measured value by reference laboratory technique (Y axis) and predicted value by
NIR spectroscopy (X axis) of validation; regression coefficient plot and X-loading plot of the
optimum model for the volatile matter of ground bamboo were shown in Figure 3:4.

Table 4 shows the characteristic and performance of the best model for prediction of volatile
matter. The model was developed using wavenumber range of 6102-5446.3 and 4424.2-4246.7,
spectrum pre-processing of first derivative and PLS.factor number of 8. The Rz, RMSEP, RPD and
bias of validation model were 0.944, 0.653%, 4.53 and 0.229%. The ratio of bias per mean
measured value was approximately 0.393% (0.229% of 58.223%). For volatile matter, R%nax and
R2 were 0.960 and 0.944, respectively. This means that 4.0% of the unexplained variance was due
to reference method. The different of unexplained variance between R%nax and R® was 1.6%.
Then, the error of 0.46% (1.6-1.14%) was due to samples. In addition, R2 equal to 0.960 -
(approximately 1.14% to 4.5%). R® was 0.944, this mean that 5.6% was the total unexplained

variance and 94.4% was the explained variance where NIR information was accounted for by
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volatile matter content. Hence, the total error (unexplained variance) of 5.6% (100-94.4%) was
4.0% from reference method, 1.14% from NIR instrument and 0.46% from samples. Therefore,

there were three factors that influenced the error of prediction, especially the reference method. ,,

The absorbance region of 5446 cm’”’ (1836 nm), 5689 cm’” (1758 nm) and 5585 cm’” (1791 nm)
nm in regression coefficient plots were important in the prediction of volatile matter. They were the
bond vibration of O-H stretching +2xC-O stretching of cellulose, sucrose structure, C-H
stretching first overtone of cellulose, respectively. While X-loading plots also show the important
peak at 4424 cm’ (4424 nm), 4382 cm’ (2282 nm), 4301 cm " (2325 nm) which are O-H
stretching + O-H deformation of starch, C-H stretching +C-H deformation of CH; and C-H
stretching +C-H deformation of CH,, respectively. Thus, the wave band of O-H stretching and
C-H stretching of cellulose effected to volatile matter prediction, which are similar to those
reported by Lv et al® and Burhenne et al.”’ where it was noticed that gas yield of biomass
pyrolysis increased with increase of cellulose content, but bio-char yield decreased.
Guimarées et al.18 reported that cellulose related to peak of 4415 cm'1 (O-H and C-O stretching
combination band) and 4290 em’” (combination of C-H stretching and CH, deformation). While
Wannapeera et al.® reported that biomass (rice husk, rice straw and corncob) contains the
highest cellulose content, gave the highest total gas yield. In addition, sucrose also affects
volatile matter prediction whereas sucrose is made up from glucose and fructose; cellulose

. [31]
also is a glucose polymer.
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3.4.5. Fixed carbon

35 R*=0.850
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Figure 3: 5 a) Measured vs NIR spectroscopy predicted fixed carbon of ground bamboo of validation set b)

Regression coefficient plots c) X-loading plots. PC_1, PC_2 and PC_3 are PLS factor 1, 2 and 3.

Figure 3:5 shows scatter plots of measured value by reference laboratory technique (Y axis) and
predicted value by NIR spectroscopy (X axis) of validation; regression coefficient plot and X-loading

plot of the optimum model for fixed carbon of ground bamboo.

The best model for prediction of fixed carbon was developed using wavenumber range of 7502.2-
6800.2 cmdand 5450.2-4246.7 cm'1, spectrum pre-processing of first derivative + vector

normalization and PLS factor number of 8 (Table 3:4 ). The Rz, RMSEP, RPD and bias of
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validation model were 0.850, 1.21%, 3.1 and -0.668% (Table 3:4). The model that provided R2
between 0.83 and 0.90 could be used with caution for most applications, including research and
RPD in the range of 3.14.9 could be used for screening.m] The ratio between bias and mean
measured value was approximately 2.16% (-0.668% of 30.893%), the model may be accepted bzv

user before model operation.

The R%nax and R® were 0.862 and 0.850, respectively. These meant that the 86.2% of the total
variance was the explained variance. The other 13.8% of the total variation was the unexplained
variance which was the error of reference data. The different between R%nax and R* was 0.012 or
1.2%. Then, the unexplained variance of 0.06% (1.2-1.14%) was from samples. Hence, R2 could be
estimated by 0.862 - (approximately 1.14% to 4.5%). Hence, the total unexplained variance of fixed
carbon prediction was 15% (100-85.0%). It was the summation of unexplained variance due to

13.8% from reference method, 1.14% from NIR instrument and 0.06% from samples.

The absorbance region at 5277 cm’ (1895 nm), 4663 cm ' (2145 nm) and 4332 cm'1(2308 nm) in
regression coefficient plots were important in the prediction of fixed carbon. These wavelengths
were primarily associated with O-H hydrogen bonding between water and expose polyvinyl alcohol
OH of alcohol OH; sucrose; and C-H stretching + C-H deformation of CH,, respectively. While
X-loading plots also show the important peak at 5199 cm™' (1923 nm), 4362 cm’ (2293 nm), 4474
cm'1(2235 nm) which are the absorption of O-H assigned to molecular water [0-H stretching and
HOH deformation combination of O-H molecular, N-H stretching + C=0 stretching of amino acid,

and C-H stretching and CH, deformation combination of polysaccharides.

These results are similar to those reported by Fagan et aI.24 that C-H stretching and/or
deformation of CH, CH,, CHj;, aromatics, -CHO and cellulose (1215, 1360, 1395, 1400, 1685,
1725, 2200 and 2336 nm); O-H stretching and deformation of ROH at 1410 and 2080 nm
respectively; C=0 stretching (2nd overtone) of -CO,H, CONH, and CONH (1900, 1920 and 2030
nm); N-H stretching (1st overtone) of CONH, (1430 nm); and finally S-H stretching (1st overtone)
of -SH (1740 nm) related to prediction carbon content of Miscanthus and Short Rotational Coppice
Willow (SRCW).

The main peaks were the peaks of alcohol OH and CH,, both are in the lignocellulosic structure,

either lignin or cellulose. Especially, OH was the one bond of lignin structure. Burhenne et al. el
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reported that biomass containing high lignin content can produce the high bio-char. In addition,
there was a peak of polysaccharides. According to Floch et al. [32], fibrous polysaccharides were
either starch or cellulose. It is a good source of energy. Therefore, the model for fixed carbon
was depended on lignin and cellulose.

3.4.6. Ash content
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Figure 3: 6 a) Measured vs NIR spectroscopy predicted ash content of ground bamboo of validation set c)

Regression coefficlent plots c) X-loading plots. PC_1, PC_2 and PC_3 are PLS factor 1, 2 and 3.
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Scatter plots of measured value by reference laboratory technique (Y axis) and predicted value by
NIR spectroscopy (X axis) of validation, regression coefficient plot and X-loading plot for the
optimum model for ash content of ground bamboo were shown in Figure 3:6. The best model for
prediction of ash content were developed using wavenumber range of 9828-8933.2 cm'1 and 8046-
5376.9 cm'1, spectrum preprocessing of first derivative + straight line substation and PLS factor
number of 8 (Table 3:4 ). The Rz, RMSEP, RPD and bias of validation model were 0.508, 0.768%,
1.44 and -0.108% (Table 3:4). The ratio of bias per mean measured value was approximately
2.89% (-0.108% of 3.726%). The result had a low of Rz, this mean that only 50.8% of the variance
in absorbance value can be accounted for by variance in ash content. Therefore, 49.2% was the
unexplained variance. R?nax For ash content prediction was 0.561, which was the coefficient of
determination of the prediction when there was no error of spectra. The RPD also was low
because the range of ash content is so narrow or no different of ash content in different
circumference bamboo. Consequently, the model analysis was not necessary. o Because the ratio
of the repeatability and reproducibility of absorbance value per its mean were in a range of 1.14%
to 4.5%. Therefore, R2 can be approximated as R2 = 0.561 - (approximately 1.14% to 4.5%).
However, the different between R%nax and R’ was equal to 0.053 or 5.3%. Therefore, the total of
unexplained variance of ash content model was 49.2% which were 43.9% from reference method,

1.14% from NIR instrument and 4.16% from samples.

3.5.Conclusion

The PLS model development for evaluation of the higher heating value, volatile matter and fix
carbon of ground bamboo was feasible. However, it was not possible for evaluation of ash content
in these samples, largely because the range in ash was low. The peak for C-H stretching of
phenolic ring structures, from which lignin is formed, affected tthe prediction of HHV. The
prediction of volatile matter was primarily influenced by O-H stretching +2xC-O stretching of
cellulose structure. Prediction of fixed carbon was primarily associated with O-H hydrogen
bonding between water and polyvinyl alcohol OH of alcohol OH, which may be a lignin structure.
Moreover, the result showed that the reference method had the highest influence on error of
prediction. Thus, NIR spectroscopy could be used as a nondestructive technique for most
applications, including quality assurance for prediction of higher heating value and volatile matter,
and could be used for prediction of fixed carbon with caution for most applications, including

research. These properties can be used to design thermal chemical conversion methods such as
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gasification and pyrolysis processes of biomass as well as to monitor biological or thermochemical
conversion processes of bamboo. In trading, the properties can be used to set the price

alternatively to the old method.
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CHAPTER 4

NONDESTRUCTIVE EVALUATION OF COMBUSTION PERFORMANCE INDEX,
BURNOUT INDEX, IGNITION INDEX OF BAMBOO USING NEAR INFRARED

SPECTROSCOPY
4.1.ABSTRACT

The combustion performance parameter of the bamboo chips including ignition index, burnout
index and combustion performance index were found to be 88.33E-04, 0.16E-03and 3.95E-07,

On the other hand, the two diode array NIR-instruments (NIR-Gun and Micro-NIR) and Fourier
transform near infrared (FT-NIR) instrument were used to make model of combustion performance
parameter i.e. ignition index, burnout index and combustion performance index using the same
partial least squares regression technique. The total number of the sample used for making the
model was 80 for both types of instruments. The samples were grounded to 2 mm size. The
diffuse NIR-instruments models of combustion performance parameter used 13-20 PLS factors for
the making the model. However, the diffuse NIR-instruments were unable to predict the combustion
performance parameter of the grounded bamboo chips with any accuracy. The spectra were
suffered from the noise, and the variability of the calibration set samples used for making the
models (for combustion index 4.613-2.794E-07, ignition index 11.907-6.994E-03, and burnout index
2.04-1.23E-04) was low. This may be the reason why the diffuse NIR-instrument failed to predict.
In contrast, the FT-NIR was able to predict the ignition index and burnout index but with very low
accuracy. The coefficient of determination of prediction set, bias and RPD of optimum model of
ignition index are 0.432, 3.960E-05 and 1.33, with the number of PLS factors of the model 4, and
the coefficient of determination of prediction set, bias and RPD of optimum model of burnout index

are 0.513, -2.210E-07, and 1.43, with the number of PLS factors of the model 7.

4.2.Intoduction

Before selling the biomass commercially, its combustion performance parameters i.e. combustion
performance index, burnout index and ignition index must be recognized in advance because
combustion characteristics may be varied with different source and age so that it will get its actual
monetary value instead of random cost per kilogram. These properties are equally important for

biomass or its pellet production plant and the combustion plants. So, in order to measure its
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properties without consuming more time as thermogravimetric analysis (TGA) a new method should
be implemented. To mitigate this problem, near infrared (NIR) spectroscopy has found a scope for

its application.

The thermogravimetric procedures are time consuming process, approximately 3-24 hours for
thermogravimetric analysis, which also requires a skilled manpower. NIR spectroscopy covers the
electromagnetic radiation in the region from 780 to 2500 nm (12820-4000 cm ) . The NIR
spectroscopy technique can provide rapid results in seconds or continuously on-line, rather than in
hours or days, with an accuracy and reproducibility equivalent to most reference methods. Other
advantages of NIR include its low cost per test, low labor costs, no required chemicals to purchase
or dispose of, great flexibility in sample presentation and the capability of testing many constituents
simultaneously. This method is environmentally friendly because it requires no chemicals. The
instrument is simple to install and operate, does not produce any emissions which need to be
removed by drainage or exhaust and easy to prepare sample. Many instruments are of the stand-
alone type and their durability allows them to work. well for more than ten years. Instruments can
be networked to use the same calibration with their performance controlled from a single control

2
center f ].

Furthermore, NIR spectroscopy has been applied for the evaluation of lignocellulosic compound
{5]

content of sugarcane biomassm, straw content of straw-coal blendsm, heating value of straw
Miscanthus and coppice willow [6]. However, till this date there are no works that relate combustion
parameters of biomass with NIR spectroscopy. The objectives of this study were: to develop the
model that correlates the NIR spectral characteristic of the bamboo chip (Dendrocalamus sericeus
cl. Phamon) with its combustion performance parameters i.e. ignition index, burout index and
combustion performance index and to prove the possibility of NIR spectroscopy as an alternative,

rapid and accurate method for evaluation of those properties.

4.3.Material and Methods
4.3.1. Sample preparation
The bamboo samples, Dendrocalamus sericeus cl. Phamon, were procured from Uttaradit,
Thailand. The bamboo trees were cut about 10 cm from the ground level, and about 1 m from the

base of bamboos was selected for the study. The bamboos were then chopped by the chopping
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machine (P5508, Patipong, Thailand). The total number of bamboo trees were 90 consisting of

various circumference ranging from 16-39 cm.

4.3.2. Near infrared (NIR) scanning for combustion performance parameters

The chopped bamboo chips were dried under sun and were grounded to pass through 2 mm
diameter sieve (SM100, Retsch, Germany). The grounded samples were then scanned by three
NIR instruments: NIR-Gun (FQA, Fantec, Japan) in refiectance mode (over the short wavelength
range from 600-1100 nm at 2 nm intervals, Micro-NIR (JDSU, USA) in reflectance mode (operating
in the long wavelength range between 1150-2150 nm) at 7 nm intervals and FT-NIR (12500-3600
cm-1 at 8 cm’ resolution). The total numbers of samples used for making NIR-model were 80.
Each sample was scanned two times. The samples were scanned in air conditioning room, 251:200.
The reflectance (R) spectrum were transformed into absorbance, log(1/R), spectra using CA maker
software (Fantec, Japan) and The Unscrambler X 10.3 (Camo, Norway) for spectra obtained by
NIR-Gun and Micro-NIR respectively, while, OPUS version 7.0.129 (Bruker, Germany) for making
the FT-NIR model. The part of spectra that contain noise or unusual characteristics was erased

and was not used for model development.

(a)

(b)
Figure 4: 1 (a) Dried bamboo chips (b) Grounded bamboo chips
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Figure 4: 2 Near infrared scanning for combustion performance parameters performed by (ai NIR-gun and*
(b) Micro-NIR and (c) FT-NIR

4.3.3. Thermogravimetric analysis

The grounded samples after scanned by the NIR-instruments were subjected for thermogravimatric
analysis for the combustion performance which was performed by the thermogravimetric analyzér
(TG 209 F3 Tarsus, Netzsch, Germany, 0.1 pg resolution, heating rate ranges from 0.001 to 100
Kmin'1, 6.8 mm diameter aluminum oxide (AL2083) crucible) in an air conditioning room
temperature of 25+2°C and the thermogravimetric (TG) profile and differential thermogravimetric
(DTG) profile were analyzed using Proteus 6.0.0. (Netzsch Software, Germany). At the heating rate
of 10°Cmin'1, the temperature of furnace was increased from 33°C to 900°C in an air flux (O,) of
20 mLmin . The samples were kept isothermal at 33°C for 10 minutes. The mass of the sample
was monitored continuously as a function of temperature and time. The sample size was kept
constant at around 6 mg. And, from the thermogravimetric curve Ignition index (D;), Burnout index

(Dy), Combustion performance index (S) were calculated as discussed in Chapter 2.

4.3.4. Spectra pretreatment and mathematical modeling

The spectrum pre-treatments and model development were performed on The Unscramble X 10.3
software (Camo, Norway) for the spectra scanned by the NIR-Gun and Micro-NIR, and OPUS
version 7.0.129 (Bruker, Germany) was used for FT-NIR. After the wet-test, the reference data
were merged with corresponding spectral data. The data were then arranged in descending order,
and data were separated into calibration and prediction set. The highest and lowest reference
values were included in calibration set. By Unscrambler X, various pre-treatments on calibration

data set were performed before model development which includes no pre-treatment, Savitzky-
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Golay (S-G) smoothing (Z"dorder polynomial with 11 and 21 points), mean normalization, maximum
normalization, range normalization, 1" derivative (2nd order polynomial with 11 and 21 points), 2"
derivative (22" order polynomial with 11 and 21 points), baseline offset, linear baseline correction,
standard normal variate (SNV), de-trending, SNV plus de-trending and multiple scatter correction
(MSC). Similarly, for OPUS, various pretreatment includes: no pretreatment, constant offset
elimination, straight line subtraction, vector normalization, SNV, min-max normalization, MSC, 1St
derivatives, 2nd derivatives, 1st derivatives + straight line subtraction, 1St derivatives + SNV and 1st

derivatives + MSC.

Partial least square regression technique was used to develop the NIR models. The models were
checked by test set validation method, and the optimum model was selected for lowest number of
factor, highest coefficient of determination of prediction, and low value of standard error of cross

validation, standard error of prediction and bias.

4.4.Result and Discussion

4.4.1. Measurement of combustion performance parameters by dlode array Instruments

The raw spectra, log (1/R), of the grounded bamboo samples scanned from NIR-Gun is shown in
Figure 4.3. The raw spectra obtained from the NIR-Gun scanning show unusual characteristics to
each other, so the scanning that shows similar characteristics/features were selected and second
derivative (second order polynomial with 5 points) was performed in order to study the spectral
characteristics, Figure 4.4 and 4.5, respectively. The raw spectra show the absorption in the region
620-680 nm, 720-840 nm and in 960-1000 nm. The region 600-700 nm is associated with the
visible range which is normally associated with chlorophyll absorption [31_ The region 960-1000 nm
is associated with the third overtone of O—H stretching and hydrocarbon. The second derivative
shows the several peaks in the region 620-680 nm, 720-840 nm, and independent peak at 873 nm
is associated with the second overtone of O—H stretching, principally water, and the overiapping

B The several peaks in 720-840 nm

peaks are associated with C—H stretch third overtone
region are observed with the noticeable peaks at 733 nm, 760 nm (O—H str., third overtone,

water) [71, 788 nm (N—H str., third overtone, ArNH2) [71.
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Figure 4: 3 Raw spectra of the grounded bamboo chips scanned by NIR-Gun spectrometer.
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Figure 4: 4 Selected raw spectra of the grounded bamboo chips scanned by NIR-Gun spectrometer.
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Figure 4: 5 Second derivative (second order polynomial with 5 points) of the selected raw spectra of the

grounded bamboo chips scanned by NIR-Gun spectrometer.

The raw spectra of the Micro-NIR, Figure 4.6, scanning show the similar characteristics unlike NIR-
Gun scanning, however, the spectra seem noisy. In order to study the spectral characteristics,
Savitzky-Golay (S-G) smoothing (second order polynomial with 11 points) and second derivative
(second order polynomial with 5 points) of the spectra, Figure 4.7 and 4.8 respectively, were
performed. Since the raw spectra contained noise, the S-G smoothing of the raw spectra was
taken into consideration which shows the absorption in the region 1380-1580 nm, 1800-1900 nm
and 2020-2060 nm. The region 1380-1580 nm is assigned as first overtone of O—H stretching,
1800-1900 nm third overtone of CH deformation, and 2020-2060 nm is assigned as second
overtone of —C=H— stretch [8]. The second derivative shows the several peaks in the region
1180-2050 nm. The noticeable peaks are at 1285 nm, 1358 nm (2xC—H str. + C—H def., CH3),
1440 nm (O—H str. first overtone, sucrose, starcr;), 1506 nm (N—H str. first overtone, protein),
1572 nm (N—H str,, first overtone, -CONH-), 1669 nm (C-H aromatic C-H (aryl)), 1780 nm
(C—H str., first overtone, cellulose), 1860 nm ( C—CI chlorinated organics, chlorinate
hydrocarbons), 1898 nm (O—H str. + 2xC—O0 str., starch), 1979 nm (N—H asym. Str. + amide
2, protein), 2038 nm (N—H combination band from urea (NH2—C=0—NH2, urea) .
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Figure 4: 6 Raw spectra of the grounded bamboo chips scanned by Micro-NIR spectrometer.
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Figure 4: 7 S-G smoothing (second order polynomial with 11 points) of the raw spectra of the grounded

bamboo chips scanned by Micro-NIR spectrometer.
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Figure 4: 8 Second derivative (second order polynomtlal with 5 points) of the raw spectra of the grounded

bamboo chips scanned by Micro-NIR spectrometer.

The descriptive statistics for the development of various combustion parameters models of NIR-
Gun and Micro-NIR are shown in Table 4:1 and 4:2, respectively. The model calibration and
predicted statistics of NIR-Gun scanning for combustion performance parameters are shown in
Table 4:3and 4:5. The models used 13-20 PLS factors for the making various models. The models
were unable to predict the values of the test set. The reason may be due to the poor spectra
scanning which causes more factors to define the spectra. Ancther reason may be due to the low
variability of the calibration set of samples used for making the model (for combustion index 4.613-
2.794E-07, ignition index 11.907-6.994E-03, and burnout index 2.040-1.230E-04).

Similarly, the model validation and predicted statistics of Micro-NIR scanning for combustion
performance parameters are shown in Table 4:6and4:8. The models used 13-20 PLS factors like
NIR-Gun model, and the models were unable to predict the values of the test set. Although the
spectra were run in order unlike NIR-Gun scanning spectra and show the similar characteristics,
the spectra show lots of noise which causes more factors to define the spectral characteristics and

were limited to predict the unknown samples.
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Table 4 : 1 Descriptive statistical for the measurement of combustion performance parameters of grounded bamboo chips for developing NIR-Gun

model.

Calibration Prediction
Model

N Max Min Mean SD N Max Min Mean SD
Ignition index | 59 | 11.907E-3 7.07E-03 8.750E-03 1.000E-03 19 11.8E-03 7.140E-03 9.120E-03 1.270E-03
Burnout index | 59 | 2.040E-04 1.220E-04 1.550E-04 1.800E-05 19 | 2.000E-04 1.250E-04 1.590E-04 1.800E-05
Combustion

60 | 4.613E-07 2.794E-07 3.581E-07 4.059E-08 20 | 4.569E-07 2.872E-07 3.599E-07 4.465E-08
performance

Table 4:2 Descriptive statistical for the measurement of combustion performance parameters of grounded bamboo chips for developing Micro-NIR

model.

Calibration Prediction
Model

N Max Min Mean SD N Max Min Mean SD
Ignition index | 60 | 11.907E-03 | 6.994E-03 8.853E-03 1.084E-03 20 11.817E-03 7.136E-03 9.775E-03 1.150E-03
Burnout

60 | 2.040E-04 1.23E-04 1.550E-04 1.900E-05 20 2.000E-04 1.250E-04 1.580E-04 1.900E-05
index
Combustion

60 | 4.613E-07 2.794E-07 3.560E-07 4.160E-08 20 4.569E-07 2.934E-07 3.661E-07 4.080E-08
performance
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Where, N is number of sample, Max is maximurn value, Min is minimum value and SD is standard deviation.

Table 4 : 2 PLS models statistics for the measurement of ignition index of grounded bamboo chips scanned by NIR-Gun spectrometer.

Calibration Prediction
S.No. | Method Factofs ; "

R: SECV BIAS R, SEP BIAS
1 Raw 20 0.940 4.609E-04 2.011E-06 NA 1.500E-03 | -1.429E-03
2 S-G (5 points) 20 0.837 6.100E-04 2.870E-06 NA 1.592E-03 | -1.900E-03
3 1st Derivative (5 points) |19 0.834 6.200E-04 8.622E-07 NA 1.600E-03 | -1.800E-03
4 2nd Derivative (5 points) | 20 0.950 4.518E-04 1.054E-05 NA 1.600E-03 | -1.100E-03
5 Mean normalization /

20 0.932 5.000E-04 7.925E-06
1.600E-03 | -2.100E-03

6 Maximum normalization | 20 0.943 4.790E-04 -4.625E-06 NA 1.300E-03 | -1.500E-03
7 Range normalization 18 0.889 4.841E-04 -1.321E-05 NA 1.100E-03 | -1.300E-03
8 Baseline offset 20 0.936 4.838E-04 4.544E-06 NA 1.400E-03 | -1.600E-03
9 Linear baseline offset 20 0.946 4,767E-04 1.495E-05 NA 1.300E-03 | -7.000E-04
10 SNV 20 0.901 4.934E-04 6.103E-06 NA 1.200E-03 | -1.300E-03
1" Detrending 20 0.962 4.251E-04 1.234E-05 NA 1.400E-03 | -8.000E-04
12 SNV +Detrending 18 0.877 5.176E-04 2.607E-06 NA 1.100E-03 | -9.000E-04
13 MsC 20 0.940 4.609E-04 2.011E-06 NA 1.453E-03 | -1.429E-03
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Table 4 : 3 PLS models statistics for the measurement of burnout index of grounded bamboo chips scanned by NIR-Gun spectrometer.

Calibration Prediction
S.No. | Method Factors

R’ SECV BIAS R SEP BIAS
1 Raw 20 0.940 8.325E-06 1.704E-07 NA 2.804E-05 | -1.849E-05
2 S-G (5 points) 20 0.855 1.051E-05 1.465E-07 NA 3.228E-05 | -3.529E-05
3 1st Derivative (5 points) | 19 0.821 1.149E-05 1.562E-07 NA 3.083E-05 | -3.931E-05
4 2nd Derivative (5 points) | 20 0.956 7.788E-06 2.854E-07 NA 3.035E-05 | -2.324E-05
5 Mean normalization 20 0.934 9.135E-06 9.486E-06 NA 2.195E-05 | -2.423E-05
6 Maximum normalization | 20 0.929 8.898E-06 3.850E-07 NA 1.625E-05 | -1.737E-05
7 Range normalization 19 0.875 1.039E-05 -6.870E-08 NA 2.159E-05 | -1.454E-05
8 Baseline offset 20 0.934 8.864E-07 1.931E-07 NA 2.336E-05 | -2.036E-05
9 Linear baseline offset 18 0.934 8.889E-06 1.410E-07 NA 2.299E-05 | -1.776E-05
10 SNV 18 0.846 1.090E-05 7.503E-08 NA 2.037E-05 | -1.03%E-05
11 Detrending 20 0.960 7.503E-06 2.540E-07 NA 2.425E-05 | -1.914E-05
12 SNV +Detrending 18 0.851 1.069E-05 8.879E-08 NA 2.037E-05 | -1.039E-05
13 MSC 20 0.940 8.254E-06 1.704E-07 NA 2.804E-05 | -1.949E-06
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Table 4 : 4 PLS models statistics for the measurement of combustion index of grounded bamboo chips scanned by NIR-Gun spectrometer.

Calibration Prediction
S.No. | Method Factors

Ri SECV BIAS Ri SEP BIAS
1 Raw 20 0.922 2.048E-08 | 5.214E-10 NA 1.284E-07 -4.793E-08
2 S-G (5 points) 20 0.836 2.562E-08 | 5.827E-10 NA 1.602E-07 -5.339E-08
3 1st Derivative (5 points) | 16 0.699 2.967E-08 | 3.715E-10 NA 2.191E-07 -7.498E-08
4 2nd Derivative (5 points) | 20 0.943 1.944E-08 | 6.636E-10 NA 2.191E-12 -7.498E-08
5 Mean normalization 20 0.920 2.083E-08 | 6.949E-10 NA 1.802E-07 -6.212E-08
6 Maximum normalization | 20 0.932 1.844E-08 | 6.223E-10 NA 4.170E-08 -7.605E-08
7 Range normalization 20 0.896 1.983E-08 | 1.018E-10 NA 4.393E-08 -7.907E-08
8 Baseline offset 20 0.920 2.133E-08 | 5.668E-10 NA 4.833E-08 -8.781E-08
9 Linear baseline offset 20 0.947 2.248E-08 | 8.966E-10 NA 1.768E-07 -2.555E-08
10 SNV 16 0.769 2.943E-08 | 5.877E-11 NA 5.916E-08 -4.629E-08
11 Detrending 20 0.935 2.076E-08 | 4.705E-10 NA 1.741E-07 -2.883E-08
12 -SNV +Detrending 13 0.716 2.913E-08 | 4.180E-10 NA 5.267E-08 -3.230E-08
13 MSC 20 0.918 2.103E-08 | 7.755E-10 NA 9.839E-08 -5.215E-09
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Table 4 : 5 PLS models statistics for the measurement of ignition index of grounded bamboo chips scanned by Micro-NIR spectrometer.

Calibration Prediction
S.No. | Method Factors

Ri SECV BIAS Ri SEP BIAS
1 Raw 17 0.880 0.001 -3.043E-05 NA 1.600E-03 | 5.923E-05
2 S-G (5 points) 12 0.610 0.001 5.952E-07 NA 1.500E-03 | 1.823E-05
3 1st Derivative (5 points) | 20 0.833 0.001 1.053E-05 NA 1.600E-03 | 1.408E-04
4 2nd Derivative (5 points) | 19 0.909 0.001 -1.715E-06 NA 1.700E-03 | -2.414E-04
5 Mean normalization 17 0.883 0.001 4.424E-07 NA 1.600E-03 | 6.841E-05
6 Maximum normalization | 18 0.888 0.001 2.991E-06 NA 1.600E-03 | 2.345E-05
7 Range normalization 17 0.882 0.001 2.546E-09 NA 1.600E-03 | 6.545E-05
8 Baseline offset 19 0.900 0.001 2.162E-06 NA 1.700E-03 | -1.173E-05
9 Linear baseline offset 18 0.892 0.001 5.187E-06 NA 1.630E-03 | -5.783E-06
10 SNV 18 0.895 0.001 3.376E-06 NA 1.700E-03 | 1.089E-05
11 Detrending 15 0.870 0.001 -5.558E-06 NA 1.500E-03 | 4.462E-05
12 SNV +Detrending 17 0.887 0.001 1.278E-06 NA 1.600E-03 | 1.583E-05
13 MSC 18 0.898 0.001 4.060E-06 NA 1.600E-03 | -2.642E-06
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Table 4 : 6 PLS models statistics for the measurement of burnout index of grounded bamboo chips scanned by Micro-NIR spectrometer

Calibration Prediction

SNO- | Method P g SECV BIAS R SEP BIAS

1 Raw 19 0929  |9618E-06 |5470E-08 | NA 3.360E-05 | 7.500E-06
2 S-G (5 points) 20 0.818 | 1.157E-05 |-1.997E-08 | NA 2.796E-05 | -6.675E-05
3 st Derivative (5 points) | 19 0.854 | 1.063E-05 |5.849E-08 | NA 2.826E-05 | 1.593E-07
4 2nd Derivative (5 points) | 13 0.805 | 1.168E-05 |3696E-08  |NA 2.456E-05 | -7.635E-06
5. | Mean normalization 19 0939  |9475E-06 |-4502E-08 | NA 3.388E-05 | 9.259E-06
6 Maximum normalization | 14 0.876 | 1.021E-05 | -4.012E-08 | NA 2.786E-05 | 1.884E-06
7 Range normalization 16 0897  |9981E-06 |[-1.251E07 | NA 2.975E-05 | 4.787E-06
8 Baseline offset 16 0698 | 9.867E-06 |-2836E07 |NA 3.044E-05 | 5.798E-06
9 Linear baseline offset | 15 0.872 | 1085E-05 |-2.647E-08 | NA 2.750E-05 | 5.838E-06
10 |SNV 18 0934 | 9247E-06 | -1.181E-07 | NA 2.909E-05 | 7.304E-06
11 | Detrending 15 0.888 | 1.019E-05 | -7.460E-08  |NA 2.810E-05 | 7.203E-06
12 | SNV +Detrending 14 0874 | 1042E-05 | -6975E08 |NA 2.909E-05 | 7.304E-05
13 |MsC 15 0.889 | 1.005E-05 |6.220E-08 [NA 3.021E-05 | 6.540E-06
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Table 4 : 7 PLS models statistics for the measurement of combustion index of grounded bamboo chips scanned by Micro-NIR spectrometer.

Calibration Prediction
S.No. | Method Factors

% SECV BIAS Ri SEP BIAS
1 Raw 17 0.908 2.227E-08 3.373E-10 NA 4.921E-08 | -5.789E-09
2 S-G (5 points) 16 0.729 2.983E-08 4.765E-11 NA 5.966E-08 | -1.465E-08
3 1st Derivative (6 points) | 20 0.862 2.486E-08 -1.618E-10 NA 5.077E-08 | -3.601E-0©
4 2nd Derivative (5 points) | 14 0.824 2.637E-08 3.416E-10 NA 4.774E-08 | -6.019E-09
5 Mean normalization 20 0.944 2.056E-08 1.016E-10 NA 4.338E-08 | -3.145E-09
6 Maximum normalization 18 0.922 2.163E-08 2.045E-10 NA 4.755E-08 | -3.613E-09
7 Range normalization 19 0.938 2.085E-08 6.390E-10 ‘NA 4.691E-08 | -2.315E-09
8 Baseline offset 20 0.943 2.071E-08 2.885E-10 NA 4.403E-08 | -2.574E-09
9 Linear baseline offset 20 0.941 2.132E-08 2.748E-10 NA 4.077E-08 | -4.144E-09
10 SNV 19 0.942 2.135E-08 8.163E-11 NA 4.704E-08 | 2.743E-09
1 Detrending 18 0.934 2.150E-08 3.392E-10 NA 4.167E-08 | -5.311E-09
12 SNV +Detrending 198 0.944 2.232E-08 4.245E-10 NA 4.083E-08 | 1.265E-09
13 MSC 19 0.944 2.105E-08 1.925E-10 NA 4.476E-08 | 5.387E-10
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The major components of lignocellulosic biomass afe cellulose, hemicellulose, and
lignin. Cellulose is a polysaccharide molecule having both a well-ordered structure and
a randomly ordered structure which consists of hundreds of glucose molecules linked by
glucosidic linkage, and the glucan chains are usually connected by hydrogen bonds
[11'12]. While, hemicellulose is another polysaccharide which is more complicated in
structure and has higher linkages than cellulose. Hemicellulose, naturally, is connected
with cellulose microfibrils by non-covalent linkages [13], and hemicellulose generally
consists of more than one type of monosaccharide unit, including both hexose and
pentose. Depending on the variety of biomass, hemicellulose may contain xyloglucan,
xylan, glucomannans, galactoglucomannans, etc., however, the detailed structure of
hemicellulose is still remains unknown M. On the other hand, the ‘structure of lignin is
very complicated, and it is made of phenolic polymers that consist of three types of

phenylpropane untis: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [15'16].

Damien Sabatier et al. 51 measure the lignocellulosice compounds of sugarcane
biomass by near infrared reflectance spectroscopy (400-2500nm), monochromator
spectrometer NIRSystems XDS, inc., using modified PLS regression and obtained the
coefficient of determination of prediction of sugarcane hemicellulose, cellulose, lignin
0.45, 0.77, 0.44 and RPD 1.9, 4.2 and 1.9 with factors 14, 13 and 14, respectively, and
made a conclusion for the poor prediction of hemicellulose and lignin was that it contain
several molecules that causes these parameter to define inadequately. Similarly, carbon
and hydrogen were predicted poorly (RPD of internal validation 2.1 and 1.3,
respectively) by Jesis Mata Sanchez et al. y7 by using the FT-NIR spectrometer (MPA,
Bruker Optics, Ettlingen, Germany). The online prediction of lignocellulose compound of
corn stover by Junjie Xue et al i were not found accurate as coefficient of
determination of prediction for cellulose, hemicellulose and lignin were 0.77, 0.62 and
0.61 were found by using Matrix-F (Bruker Daltonik GmbH, Bremen German) in diffuse
reflection mode. Sanderson et al. e were also unable to predicted C, H and O of
woody and herbaceous feedstocks with any precision or accuracy by using Pacific
Scientific Model 6250 scanning monochromator, near infrared reflectance spectrometer,
over the range 1100-2500 nm, and concluded that small population size (SD 0.22, 0.3,
2.08 respectively) may have contributed to some of the inaccuracy and imprecision in

NIRS prediction.
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4.4.2. Measurement of combustion performance parameters by Fourier transform near
infrared instrument (FT-NIR)

The raw spectrum of the grounded bamboo samples scanned by FT-NIR is shown in
Figure 4.9. The absorbance shows the wide range of absorbance over the region 8770-
8020 cm'1 (1140-1247 nm) but with low absorbance intensity which is normally
associated with the second overtone of C—H stretch, carbonyl compounds [8]. The
important region of absorption are: 7240-6560 cm'1, 4480-4200 cm'1 (1381-1524 nm
and 2232-2380 nm, respectively, combination region of C—H band) [11; 5284-5103 cm'1
(1893-1960 nm, first overtone O—=H band assign as O—H stretch/O—H deformation
combination hydroxyl) ; 4980-4640 cm™ (2008-2155 nm, first overtone O—H band
C—0, O—H stretching combination, primary alcohol) [8]; 4140-3922 cm'1 (2415-2550

nm, second overtone of C—=—H band, C—H bending) [8].
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Figure 4: 9 Raw spectra of the grounded bamboo chips samples scanned by FT-NIR

spectrometer.

N

The absorbance shows the peaks at around 6912 cm”’ (1447 nm, 2xC—H str. +
C—H def., aromatic)[28], 5200 cm” (1923 nm, O—H str. and HOH deformation
bending, O—H molecular water)m' 4782 cm'1 (2091 nm, O=—H combination, polymeric
.OH), 4397 cm'1 (2274 nm, O—H str.+C-C str., starch)[28], 4282 cm” (2335 nm,
C—H str.+C—H def., cellulose)”, 4046 cm™ (2471 nm, C—H combination, lipids,
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aliphatic compounds) . Thesabsorbance is dominated by the C—H bands. The
scanning of the FT-NIR seems clearly better than diode array spectrometer NIR-
instrument. This is, generally, due to the high signal to noise ratio of FT-NIR
spectrometer. However, the FT-NIR spectroscopy was also unable to predict the
combustion index with any accuracy, but was able to predict the ignition index and
burnout index with lower accuracy.

The total number of the sarﬁple used for making the model was 80. The
descriptive statistics for the development of combustion parameter models are tabulated
under Table 4.9. The various combustion parameter models were developed separately
using the same spectra. Various pretreatments were performed on the raw spectra.
Min-Max normalization was found to be the effective treatment for the calibration of
ignition index, whereas multiplicative scattering correction was found effective for
calibration of burnout index. The PLS statistics of the ignition index and burnout index

are shown in Table 4.10.
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Table 4: 8 The descriptive statistics for the development of combustion performance parameter for FT-NIR models.

Calibration Prediction

Model . .
N Max Min Mean SD N Max Min Mean SD

Ignition index | 48 | 11.908E-03 | 6.994E-03 | 8.815E-03 | 1.041E-03 |32 | 11.817E-03 | 7.073E-03 | 8.861E-03 1.186E-03

Burnout index | 56 | 2.040E-04 | 1.220E-04 | 1.560E-04 | 1.800E-05 |24 | 2.000E-04 | 1.230E-04 | 1.560E-04 | 1.00E-05

Combustion
56 | 4.613E-07 | 2.294E-07 | 3.5991E-07 | 3.904E-08 | 32 | 4.569E-07 | 2.811E-07 | 3.564E-07 | 4.519E-08

performance

where, N is number of sample, Max is maximum value, Min is minimum value and SD is standard deviation.

Table 4 : 9 PLS statistics of the optimum model of the grounded bamboo chips scanned by FT-NIR spectrometer.

Calibration Validation
Model Treatment Factors
R’ RMSEE RS RMSEP Bias RPD
Min-Max
Ignition index 4 0.297 8.920E-04 | 0.432 8.870E-3 3.960E-05 1.33
normalization
Burnout index MSC 7 0.683 1.060E-05 | 0.513 1.380E-05 -2.210E-07 1.43
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The RFZJ, bias and RPD of optimum model of ignition index are 0.432, 3.960E-05, and 1.33, with the

number of PLS factors of the model 4. The coefficient of determination for prediction set was found
higher than calibration set. This may be due to the closeness of the prediction data set to
calibration model data set, since the ratio of sample used for prediction and calibration is 1:1.5.
The scatter plot of the model is shown in Figure 4.10. The regression coefficient plot and X-loading
of first three PLS-factors of ignition index is shown in Figure 4.11 and 4.12, respectively. The most
important regions found for the calibration of ignition index were 12007-10036 cm'1 (833-996 nm,
third overtone of C—H str.) ™, 8706-7876 cm™ (1149-1270 nm, second overtone, C—H str.)
and 5404-4575 cm’’ (1851-2186 nm, third overtone, C—H bend) oy
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Figure 4: 10 Comparison of ignition index of grounded bamboo chips as predicted by FT-NIR spectroscopy

and measured by reference test.
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In the regression coefficient plot, several minor peaks are observed in the region 12007-10036
cm-1 and 8706-7876 cm", while clear sharp peaks are seen in the region 5404-4575 cm'1 with
independent peaks at around 5404 cm'1 (1850 nm, 2xO—H def. + C—0 def., starch) [28], 5254
cm'1 (1903 nm), 5038 cm~1 (1985 nm) and 4879 cm-1 (2050 nm). Similarly, in X-loading plot, the
most influential region 12007-10036 cm’, 8706-7876 cm, and 5404-4575 cm . The most
important peaks for factor-1 are 5404 cm (1850 nm), 5149 cm" (1942 nm, O—H str.+O—H
def., water) [28], 4694 cm™ (2130 nm); factor-2 are 5404 cm ' (1850 nm), 5257 cm’ (1902 nm),
5022 cm (1991 nm), 4732 cm™ (2113 nm); factor-3 are 5404 cm’ (1850 nm), 5350 cm ' (1869
nm), 5254 cm~ (1903 nm), 5072 cm-1, 4856 cm (2059 nm), 4674 cm (2139 nm). The most

important peaks seen in regression coefficient and X-loading and the corresponded vibration bonds

are tabulated under Table 4.11.
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Figure 4: 11 Regression coefficient plot of optimum model of ignition index developed from the spectra of

grounded bamboo chips scanned by FT-NIR spectrometer.
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Figure 4: 12 First 3 X-loading plot of optimum mode! of ignition index developed from the spectra of

grounded bamboo chips scanned by FT-NIR spectrometer.

The Rf), bias and RPD of optimum model of burnout index are 0.513, -2.210E-07, and 1.43,

with the number of PLS factors of the model 7. The scatter plot of the model is shown in Figure
4.13. The most important regions found for the calibration of ignition index were 12003-8697cm'1
(833-1149 nm) and 7876-4574 cm'1(1270-2186 nm). The region 12003-8697cm’ is normally

associated with the second and third overtone of hydrocarbon, and aromatic amines [11'
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Figure 4: 13 Comparison of burnout index of grounded bamboo chips as predicted by FT-NIR spectroscopy

and measured by reference test.
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The regression coefficient plot and first 3 X-loading of first three PLS-factors of burnout index is
shown in Figure 4.14 and 4.15, respectively. In the regression coefficient plot of burnout index,
several narrow peaks are observed in the region 12003-8697 cm’” (833-1149 nm), and the peaks
in the region 7876-4574 cm-1(1270-2186 nm) are.little broad but with the shoulder peaks. The
dominating peaks of X-loading of Factor-1 are 10055 cm’” (995 nm), 8697 cm’” (1150 nm); Factor-
2 are 5157 cm’' (1939 nm), 4687 cm’ (2134 nm); Factor-3 are 7047 cm’ (1419 nm), 5253 cm"
(1904 nm). Factor-1 shows the effect of 12003-8697cm'1 on the model while factor-2 and factor-3
shows the effect of 7876-4574 cm "' (1270-2186 nm). The most important peaks seen in regression
coefficient and X-loading and the corresponded vibration bonds are tabulated in Table 4:11 The
regression plot and the X-loading plot are affected mainly by the hydrocarbon (10753, 6120, 6110;
5925, 5900, 5675 cm’ )and aromatic amines (6916, 6791, 6656 cm’ )
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Figure 4: 14 Regression coefficient plot of optimum model of burnout index developed from the spectra of

grounded bamboo chips scanned by FT-NIR spectrometer.
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Figure 4: 15 Regression coefficient plot of optimum model of burnout index developed from the spectra of

grounded bamboo chips scanned by FT-NIR spectrometer.

Table 4 : 10 The dominant peaks on regression coefficient plot and X-loading plot of ignition index and

burnout index of FT-NIR model.

PEAK
Nearest
Wavenumbe | Wavelength
wavelength | Spectral structure Material type | Source
r {nm)
“ (nm)
(cm’)
O0—H(3U)
Primary
10055 995 996 (==—CH,—OH), primary [16]
alcohol
alcohol
8836 1132
C—H  str. second
8697 1150 1152 CH; [28]
overtone
7718 1296
7105 1407 1410 O—H str. first overtone | ROH [28]
7047 1419 1420 O—H(2V), .0—H Hydrocarbon, | [16]




aromatic

6847 1460 1460 N-—H str. first overtone | CONH, [28]
CHU + CHU (12 + 1),
5975 1674 1671 benzene band | C—H aryl [16]
assignment
5817 1719 1725 C—H str. first overtone | CH, (28]
5442 1838
Chlorinated
5404 1850 1860 C—CL(7U), .c—cCL [16]
! hydrocarbons
5350 1869
5257, 5254, | 1902, 1908, O—H str.+ 2xC—H
1900 Starch [28]
5253 1904 str.
5157, 5149 1939, 1942 1940 O—H str.+ O—H def. | Water [28]
N—H(UN—H and A
N—H combination), ‘
Aromatic
5038 1985 1980 primary aromatic amine , [16]
amine
in CCL, as para-NH,
grouping
N—H for primary
5022 1991 1990 Urea [16]
amides
N—H asym. str. +
4879 2050 2050 protein [28]
amide I
N—=H (3A) and N—H | Amides/protei
4856 2059 2060 [16]
stretching combination n
Polymeric
4783 2091 2090 O—H combination [16]
.OH
N—-H sym. str. + amide | CONH,,
4732 2113 2110 [28]
Il CONHR
4694, 4687 2130, 2134 2132 N=—H str. + C=0 str. Ammino acid | [28]
=C—H str. + C=C
4674 2139 2140 HC=CH [28]

str.
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4.5.Conclusion

The diode array NIR-instruments were unable to predict the combustion performance parameter of
the grounded bamboo chips with any accuracy. All the models of combustion performance
parameter used 13-20 PLS factors for the making the model. The models were unable to predict
the values of the test set. The spectra were suffered from the noise, and the variability of the
calibration set samples used for making the models (for combustion index 4.613-2.794x10'7,
ignition index 0.011907-0.006994, burnout index 2.04-1 .23><10'4) were low. This may be the reason
why the diode array NIR-instrument failed to prediét. On the other hand, the:FT-NIR was able tg

predict the ignition index and burnout index with very low accuracy.

However, the model of mine was unable to predict the combustion performance parameter of the
bamboo with good accuracy due to low variability of data. So, for the one who want to do research
on biomass we would like to suggest to increase the population size of the samples by collecting
the different species of same or different biomass, so that the data contains large range and
makes the model robust by providing sufficient information while making the model. In addition, we

would also like suggest using the whole range of NIR region while making the model.
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CHAPTER 5

NONDESTRUCTIVE EVALUATION OF KINETICS PARAMETERS OF BAMBOO

USING NEAR INFRARED SPECTROSCOPY
5.1.Abstract

NIR spectroscopy analysis was used to evaluate of kinetic parameters of bamboo including
activation energy (E,), pre-exponential factor (A) and order of reaction (n) of milled bamboo. Kinetic
parameter was calculated using Coats- Redfern method. The thermal degradation data was
measured by a’thermogravimetric analyzer and collected from differential thermogravimetric (DTG)
curve. PLS regression was used to optimize the models. The results gave the E, in range of 57-

105.90 kJ/mol. The inner relationship between E, and A at n=1was exponential, they gave
relatively equation of A= 6325260'2198Ea and provided coefficient of determination of

0.990. The PLS model gave coefficient of determination of validation set (R“Z,al) of 0.890, root
mean square error of prediction of 4.37 kJ/mol, bias of 0.19 kJ/mol and RPD of 3.02. The goal
point of this studies was the first time but it need to improve to be the global model. The result
indicated that PLS model for prediction E, was good, and could be used with caution for most

application.

Keywords: Milled Bamboo, kinetic parameters, Renewable energy, Thermal degradation.
5.2.Introduction

The pyrolysis of biomass presents a complexed process because of overlapping reaction, so
kinetic parameter of its reaction depend on the biomass composition i.e. hemicellulose, cellulose
and lignin composition ; and thermal condition i.e. heating rate, temperature, particle sizem.
Understanding the thermal degradation and pyrolytic-cracking mechanism of biomass is necessary.
Kinetic parameters of reaction are important to design, establish efficient 221 that kinetic parameter
that activation energy helped to find out the minimum amount of energy need to initial a chemical
change, pre-exponential factor and order of reaction helped to calculate the reaction rate. Due to
biomass has different element composition on different age, planting area, storage method and so

on. These reasons lead to different kinetic parameter i.e the activation energy (E,), pre-exponential
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factor (A) and order of reaction (n) can be determined " These reason can lead to different kinetic

parameters even if the same species.

Generally, kinetic analysis of biomass can be conducted using differential thermogravimetric (DTG)
measured with a thermogravimetric analyzer © Kinetic parameters is calculated using conventional
differential or integral methods, i.e. Coats- Redfern method, Kissinger, Flynn-Wall and Ozawa,
Vyazovkin and AIC, and Kissinger-Akahira-Sonuse. These calculations are the complicating
method. Detail analysis for kinetic parameter of biomass is complicated calculation, expensive and
time consuming. Thus, rapid method of analysis should be presented to solve. Then NIR
spectroscopy should be requested. Previous studies have trended to concentrate on biomasé
composition such as compositional analysis of biomass 7 lignocellulosic component of corn stover
[71 and so on. But there have no report on kinetic parameters. The goal of this work was to evaluate
kinetic parameters of biomass using NIR spectroscopy when kinetic parameters were calculated

using Coats- Redfern method (8).

5.3.Materials and methods
5.3.1. Sample

The samples of bamboo, Dendrocalamus sericeus cl. Phamon, in this study were of different
circumference sizes of culms obtained from the Uttaradit province, Thailand. A total of 80 samples
in 12 ranges of culm circumference (16-18, 18-20, 20-22, 22-24, 24-26, 26-28, 28-30, 30-32, 32-34,
34-36, 36-38 and 38-40 cm) were randomly cut of 10 cm above the ground. The each sarﬁple was
chopped by the chopping machine (P5508, Patipong, Thailand). After that, the sample were dried
under the sun until the moisture reached around 5%wb, milled pass through the sieve diameter of

3 mm (60201, QC, UK) and kept in the aluminum bag before experiment.

5.3.2. NIR spectroscopy modeling

The milled sample was scanned using the software program of OPUS version 7.0.128, Bruker
Optik GmbH, Germany. The spectrums were recotded using diffuse reflectance mode by log1/R,
when R is diffuse reflectance radiation of sample. Models were optimized using partial least

squares (PLS) regression with calibration set of 80% from total sample and validation set of 20%
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from total sample. Then, performance of models i.e. coefficient of determination (Rz), root mean
square error of prediction (RMSEP), bias, and ratio of standard error of prediction to standard

deviation (RPD) were determined.

5.3.3. Reference analysis

Kinetic parameters were caculated using Coats- Redfern method, which measured with a
thermogravimetric analyzer (TG 209 F3 Tarsus, Netzsch, Germany, 0.1 pg resolution; 6.8 mm
diameter aluminum oxide (AL,O3) crucible). A 6 mg samples were heated from 32 °C to 700 °C at
heating rate of 10°C/min. To complete pyrolysis condition, N, was used. The volume flow of N, was
set up to 20 ml/min, and 10 ml/min for the protective gas. Then, TG/DTG was obtained. After that;
these data were used for calculated. All samples were carried on by one time. After that, took out

of 10 samples for duplication.
5.4.Determination procedure of kinetic parameter.
In this study, Coats- Redfern method was used to calculate &, Thermogravimetric data was used

for determination of kinetic parameter using fundamental of Arrhenius equation which was

explained by ® where

~E
K(t) = Aexp [ﬁ] ™
d \ 7
E% = Ae RT(1 — o)™ @)

Where A is the frequency or pre-exponential factor, E is the activation energy of the reaction, R is
the universal gas constant, T is the absolute temperature, n is the order of reaction, t is the time,
and  is the fraction of reactant decomposed at time t (min).

And O was obtained from mass lost in the sample which can be obtained by the following
equation:
_ Wy—w
oa = —Wo—Wf 3)
where wp, w, and w; refer to initial, instantaneous and final masses respectively.
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dT
For non-isothermal TGA experiments at linear heating rate 1 = _(i-t- , equation (2) can be written
as:

da A -E
Tt RT(1 — o)™ 4)

This equation expresses the fraction of material consumed in the time. In this work the activation
energy was obtained from non-isothermal TGA. The methods used to calculate kinetic parameters
are called model-free non-isothermal methods and required a set of experimental tests at different
heating rates.
In this study, Coats- Redfern method will be used for determination of kinetic parameter. Equation

(4) was integrated and expressed as [”]:

fa da TAeX (__ _ 5
0 (1-o)t ~ ‘To P )

Integrating both sides followed by taking the logarithm of the obtained equation leads to:

ln[ IndDe a)]—l [ (1—-2%) —RETforn=1
(6)

and,

In [1 (-a)™ " —ln[BE(l—ﬂ)]—:—Tforn;tl

T2(1-n) E
]

Due to 2RT=E«1, simplifying Equation (8) and (9) gives:

In (1 a) AR E _

In [ ]-l [BE RT]forn—l (8)

And

1-(1-a)™™] _ AR E

ln[ T2(1-n) ] = In [BE RT] forn # 1 ©
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Thus, a plot of In[-In(1-0)/T") against 1/T when n=1 or In[1-(1-0) "/(T°(1-n))] versus 1/T when nF1
should be a straight line with slope (-E/R) and intercept (lnAR/BE) for the correct value of n. The

kinetic parameters were determined by combining iterative and the least squares method.

5.5.Results and discussion

Fig. 5:1 display typical TGA diagram of milled bamboo in a nitrogen atmosphere. An active
pyrolysis zone occurred temperature in range of 180-420 °C. Dehydration zone was temperature in
range of 32-180 °C, and Passive pyrolysis zone was temperature in range of 420-700 °C. Table
5:1 shows the kinetic parameter of milled bamboo for different culm size, and at heating rate of 13
°C/min. Kinetic parameters at active pyrolysis zone were determined using corresponding peaks on
the DTG curve of each sample. The results gave the E, in range of 57-105.90 kJ/mol, mean of
87.02 kd/mol and SD of 11.425 kJ/mol. Fig. 5:2. shows scatters plots between E, and A factor at
n=1. The relationships presented exponential curve, that was A= 6325280'220Ea, when A

is pre-exponential factor (1/min) and E, is activation energy (kJ/mol). its correlation gave coefficient

of determination of 0.990.

Table 5:2 presented PLS calibration results for prediction activation energy of milled bamboo. The
PLS model developed using wavenumber region of 9403.8-7498.3 and 6102-4597.7 cm'1,
pretreatments of vector normalization (SNV), and PLS factor of 7 gave a best performance with
R%/al of 0.890, RMSEP of 4.37 kJ/mol, bias of 0.19 kJ/mol and RPD of 3.02. R’ and RPD have
been recommended by [12], a value between 0.83-0.90 could be used with caution for most

application, RPD between 3.1-4.8 correspond to fair and cloud be used for screening.

Scatter plots between measured values versus predicted value for prediction of activation energy
was shown in Fig. 5:3a . X-loading plots for E, were shown in Fig 5:3b. As seen in Fig 5:3b ,
explicit peaks were at 5238 cm-1 (1909 nm), its wavenumber corresponded to O-H stretching first
overtone of POHM; and 5219 cm'1 (1916 nm) which related to C=0 stretching second overtone of

coNH '™,
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Figure 5 : 1 Typical TGA diagram of milled bamboo Iin a nitrogen atmosphere.

Table 5 : 1 Statistics of Ea of bamboo chips.

Data set Maximum Minimum Mean Range SD
Total set 105.90 57.00 87.02 48.90 11.425
Calibration 87.59
105.90 57.00 48.90 10.853

set
Validation 84.71

. 105.64 59.77 45.87 13.624
set

Table 5 : 2 PLS calibration results for predicting activation energy of milied bamboo

Wavelengt Calibration Validation
Parameters h  region | Pretreatments F 2 2 RMSE
4 R RMSEE | R Bias RPD
(em”) cal val | p
9403.8-
Activation Vector
7498.3 . 0.81
energy (Ea, normalization 7 4.97 0.890 | 4.37 0.19 3.02
6102- 4
kJ/mol) (SNV)
4597.7

F: The number of factors; R%alz the coefficient of determination of calibration set; R‘z,alz the

coefficient of determination of prediction set; RMSEE: root mean square error of estimate, RMSEP:

root mean square error of prediction; Bias: the average of differences between reference value and

NIR value; RPD: the ratio of standard deviation of reference data in the validation set to SEP; SEP:

standard error of prediction.
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Figure 5 : 3a) Scatter plots between measured values versus predicted value for Ea, b) X-loading plots for
Ea of milled bamboo.
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5.6.Conclusion

In the beginning, this model was possible. The result indicated that PLS model for prediction of E,
was good, and could be used with caution for most application. In addition, there were high
correlation between E, and A with high coefficient of determination. This means that A can
predicted using a value of E,. The result indicates that increasing the population size for calibration
set was the improving predicting method. Moreover, the models should be improved to be the
global mode! such as the calibration model was carried with many heating rate (such as 5, 10, 15,

20, 25 °C) or many biomass (corn stover, coconut shell, palm shell and so on).
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CHAPTER 6

NONDESTRUCTIVE EVALUATION OF PYROLYSIS PERFORMANCE OF BAMBOO
USING NEAR INFRARED SPECTROSCOPY

6.1.ABSTRACT

This paper reports the development of a rapid and low-cost method based on near-infrared
spectroscopy as an alternative for thermogravimetric determination of the pyrolysis characteristics,
including Tonsets Tshy Tpeaks Tofiset @Nd DTGeqr, Of milled bamboo. Tynee is the extrapolated onset
temperature that is calculated from the partial peak resulting from the decomposition of the
hemicellulose component, T, is the temperature corresponding to the overall maximum of the
hemicellulose decomposition rate, DTG, is the overall maximum of the cellulose decomposition
rate, Tpeq is the terr;perature corresponding to the overall maximum of the cellulose decomposition
rate and T.xet iS the extrapolated offset temperature of the DTGpea curves determined using
thermogravimetric analysis (TGA). The models may be used to control the pyrolysis processes of
bamboo to achieve the most economical and environmental conditions. 80 samples of bamboo with
various circumferences of culms in the ranges of approximately 16-18, 18-20, 20-22, 22-24, 24-26,
26-28, 28-30, 30-32, 32-34, 34-36, 36-38 and 38-40 cm were randomly collected for optimization of
the models. The models were optimized by partial least squares regression (PLSR) with 80 percent
of samples for the calibration set and 20 percent for the validation set. For Topeets Tehs Toeak: Tofiset
and DTG the models showed coefficients of determination (R2) of 0.566, 0.845, 0.917, 0.973,
and 0.671; root mean square errors of prediction (RMSEP) of 9.7°C, 4.36°C, 3.77°C, 2.66°C, and
0.428 weight loss % /min; ratios of prediction to deviation (RPD) of 1.52, 2.58, 3.48, 3.55, and
1.75; and biases of -0.344°C, -0.765°C, 0.349°C, -5.41°C, and 0.045 weight loss % /min,
respectively. In addition, the results showed that pyrolysis characteristics did not depend on the
circumference. The vibrational bands of water and CH;, O—H stretch, first overtones of Ar—OH, CH,
and HC=CH in the cellulose and lignin structures, O—H hydrogen bonds of polyvinyl alcohol and C—
H stretch corresponding to the first overtone of CH, had the highest influence on the values of
Tonsetr Tohr Tpeaks @NA Togser, respectively. The vibrational band of the C—O—C asymmetrical stretches
of cellulose and hemicellulose, and the combination of O-H stretch and HOH bend of

polysaccharides influenced the DTG, value. These results are beneficial for studying the thermal
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behaviour of milled bamboo as a potential resource for producing biofuels, especially in the
pyrolysis process.

Keywords: Bamboo; Pyrolysis characteristics; Near-infrared spectroscopy; Thermogravimetric
analysis; Renewable energy

6.2.Introduction

Biomass has drawn interest because it can act as a renewable and sustainable energy source.

Owing to climate change and the increasing demand for fuel, biomass has become more
¥

interesting than ever [1]_ Bamboo is a renewable energy crop that has been planted in many parts

3
& ], bamboo has a

of the world. It is used for furniture, apparatus and fuel. According to literature
short growth cycle and provides high yields of natural resources. Several studies have reported the
advantages of bamboo, such as its fast growth & 4], high energy and low ash [5], easy propagation
and high productivity [6]. Bamboo is a large, woody grass [5]. In addition, some species can grow up
to a foot a day [1]- It has been previously noted that bamboo could be the biomass material and

4,
bio-energy resource of the future B2,

The chemical components of biomass are importanf in the conversion process. Generally, biomass
consists of three components, including hemicellulose, cellulose and lignin B iy g 1 Some
studies have reported the content of hemicellulose, cellulose and lignin in bamboo (Table 6:1) .
This lignoceliulosic matter whicheaeh-ehemicat shows different thermal behaviour during pyrolysis
[12]. Pyrolysis is thermal decomposition that occurs in the complete absence of oxygen [13]. It is the
technology used for converting biomass into energy and chemical products, which consist of liquid
bio-oil, solid biochar and gas [14]. Many factors, i.e., temperature, particle size, heating rate and
type of biomass affect both the rate and yield of pyrolysis [15]. The proportions of the chemical

16,

components of biomass affect the pyrolysis rates 171. A higher lignin content (corresponding to

lower cellulose) results in slower decomposition, while higher hemicellulose and cellulose contents

[16, 17, 18, and 19]

lead to faster decomposition . Stefanidis et al. 1201 reported that pyrolysis of cellulose

gave high yields of bio-oil; high yields of hemicellulose gave high gas yields and moderate yields 6f
bio-oil; and high yields of lignin gave the highest solid residue yield. Hemicellulose and cellulose
were quickly decomposed at 220-315°C and 315-400°C, respectively, while lignin was
decomposed in a wide temperature range from 160 to 900°C [11]. Hemicellulose decomposition had

a shoulder peak at 290°C, cellulose decomposition occurred at the highest peak at 347 °C, whilé
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lignin was decomposed in a wide temperature range without an observable peak [21]. Hisham et al.
221 found that the holocellulose, lignin and ash of the specie Gigantochloa scortechinii increased as
the age were increased over 0.5, 1.5, 3.5, 6.5 and 6.5 years. Cheng et al. 1 showed that cellulose
content decreased, and lignin and ash contents increased with the increase in bamboo age from
one year to three years. Darabant et al. 2 showed vast differences in the baniboo yield as a result
of site and plantation management in eastern Thailand. Thus, even the same species of bamboo
may have different characteristics. On the other hand, harvesting age, plantation management and
soil fertility also influence the characteristics of bamboo, which have a definite‘effect on the thermal
behaviour. Thus, rapid checking of pyrolysis characteristics of bamboo is required during pyrolysis
because temperature influences the quality and yield of the biofuel. The pyrblysis characteristics,
6., Tonsets Teh Tpoak @Nd Tofrsets ANd DTGpeu. are illustrated in Fig. 6:1. El-Sayed and Mostafa '
indicated that T, Was the extrapolated onset temperature calculated from the partial peak that
results from the decomposition of the hemicellulose component, T,, was the temperature
corresponding to the overall maximum of the hemicellulose decomposition rate, DTG ..« Was the
overall maximum of the cellulose decomposition rate (dm/dt at the highest peak, weight loss %
/min), Te. was the temperature corresponding to the overall maximum of the cellulose
decomposition rate and T,ue was the extrapolated offset temperature of the DTGpeax Curves
determined using thermogravimetric analysis (TGA). Thermogravimetric (TG) analysis is the direct
measurement of weight changes on the TG chart of each sample, and this .technique requires a
highly skilled technician. These properties can be used to control thermal and chemical conversion

during the pyrolysis of biomass.
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Figure 6 : 1 TG profile for characteristic properties of the material, based on thermal degradation.

Table 6: 1 Hemicellulose, cellulose and lignin content in bamboo.

Material Hemicellulose Cellulose Lignin Reference
Bamboo 15-20 % 35-45 % 15-25 % [50]
Bamboo 242 43.1 27 [5]
Bamboo Shoots (Bambusa blumeana) 2730128 2790+£1.2 | 792 0.0
2-Year-old (Bambusa blumeana) 2751 +1.7 37.70+ 1.5 [ 25,73+ 0.0 [651]
5-Year-old (Bambusa blumeana) 2294 £ 2.1 4191+1.0 | 27.11 £ 0.3
3-year-old moso bamboo culms

22.86+2.19 41.72+2.37 | 20.91x0.24 [52]

(Phyllostachys pubescens)

Bamboo, like wood, consists of hemicellulose, cellulose and lignin, which are formed by the atoms

C. 0 and H *". Near-infrared (NIR) radiation interacts with structure of O—H, N—H, C—H, C—O, C—

0-C, HC=CH, C=C and so on =

26]. Hence, biomass is a good absorber of NIR radiation. NIR

spectroscopy is an appropriate and rapid method for evaluating the components and physical
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properties of agricuitural products. Rapid methods are needed to characterize biomass for energy
because of the increasing use of biomass in energy systems and the expanding varieties of
biomasses available [13]. The different characteristics of biomass are important for controlling
thermal processes. These should be monitored to achieve the most economical and environmental
conditions. NIR spectroscopy has many advantages, such as being rapid, nondestructive,
environmentally friendly due to no or low chemicals, and requiring minimal quantities of samples.
Therefore, several recent studies have focused on applying NIR spectroscopy as an alternative
method for the assessment of biomass characteristics, such as prediction of composition and

. 2 .
bioethanot yield from the cell wall structural components of sweet sorghum biomass : 7], evaluation

of the thermal properties of Jatropha curcas L. kernels [28], prediction of the heating value and
moisture content of Jatropha curcas L. kernels [29], prediction of moisture, calorific value, ash and
carbon content of two dedicated bioenergy crops [301, prediction of biomass composition of

switchgrass [31], determination of biochemical methane potential of plant biomass e and

determination the chemical compositional variability of corn stover and switchgrass ® These
studies have shown the feasibility of NIR techniques for assessment of the thermal properties and
chemical composition of biomass. At present, there has been no report on the application of NIR
spectroscopy to study pyrolysis characteristics. Thus, this work is focused on the evaluation of
pyrolysis characteristics of milled bamboo, including Tonset: Tsns Toeak Torset @Nd DTGpeqi using
Fourier Transform-NIR (FT-NIR) spectroscopy as an alternative to thermogravimetric analysis. The
reference parameters were obtained from a thermogravimetric apparatus under non-isothermal
conditions in a nitrogen atmosphere.

6.3.Material and methods

6.3.1. Sample

The samples of bamboo, Dendrocalamus sericeus cl. Phamon, in this study were obtained from the
Uttaradit province, Thailand, and had different circumferences of culms. A total of 80 samples in 12
ranges of culm circumference (16-18, 18-20, 20-22, 22-24, 24-26, 26-28, 28-30, 30-32, 32-34, 34-
36, 36-38 and 38-40 cm) were randomly cut 10 cm above the ground. Each sample was chopped
by a chopping machine (P5508, Patipong, Thailand). After this, the samples were dried under the
sun until the moisture reached approximately 5 %wb. The milled were passed through a sieve of

diameter 3 mm (60201, QC, UK) and kept in an aluminium bag till the experiment.
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6.3.2. Near Infrared spectroscopy

The milled sample was filled in a sample cup of 43 mm diameter and 50 mm height, the bottom of
which was made of quartz. The sample was scanned using a FT-NIR spectrometer (MPA, Bruker,
Germany) with the diffuse reflection mode, and the spectrum was recorded in the range of 12500
cm™-3800 cm”, as an average of 64 scans with a resolution of 8 cm™ at room temperature, i.e.,
2542 °C. The sample at the bottom of the cup, irradiated by NIR radiation, was collected to
determine the reference values because it contained more NIR spectral information than the

remaining part of the cup.

6.3.3. Reference methods

The reference value of pyrolysis characteristics, including Tonsets Tsh» Tpeak Toftset @Nd DTGpeq (dmidt
at the highest peak), of a milled sample of 6£0.5 mg were determined using a thermogravimetric
analyser (TG 209 F3 Tarsus, Netzsch, Germany, 0.1 ug resolution; 6.8 mm diameter aluminium
oxide (Al,Os;) crucible). The experiments were conducted at a heating rate of 10 °C/min. The
samples were heated from 32°C to 700 °C with a flow rate of 20 mi/min of N, and zero-O,
environment for pyrolysis. The temperature was‘ maintained at 700°C for 1 hour to ensure
completion of the pyrolysis process. The derivative thermogravimetry (DTG) curve is shown in Fig.
1. After the pyrolysis characteristics were measured, the outliers were then calculated using

equation (1).

% =13 (1)

where X is the measured value of sample i. X and SD are the average and standard deviation of
the measured values of all samples, respectively. If the equation was satisfied, the sample was an

outlier and it was then removed from the reference data set.

6.3.4. Repeatabllity, Reproducibility and Maximum R’

The precision of pyrolysis characteristics measured and spectral data scanned were determined
using the parameters of repeatability and reproducibility. Maximum R2 (R%/Iax) is the maximum
coefficient of determination, when there are no errors in the spectra. For the pyrolysis characteristic
reference data; repeatability was the standard deviation of the difference between duplicates; while

reproducibility was the standard deviation of the difference between duplicates from blind samples.
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In addition, the precision of the NIR instrument was also determined using repeatability and
reproducibility. The absorbance value at the wavenumber of 5176 em”’ (1932 nm) was used for the
determination. Any wavenumber could be used to determine the repeatability and reproducibility of
NIR scans. Therefore, we used the wavenumber 5176 cm'1 (1932 nm). This was the absorption
band of water in the milled bamboo spectrum. The NIR absorption band of water was the highest
peak that was obviously visible in the spectrum. The peak was easily changed when the scanning
conditions were varied. The repeatability of the Nlﬁ instrument was the standard deviation of the
absorbance values when the sample was re-scanned 10 times in the same position, and th?
reproducibility of spectral data was the standard deviation of the absorbance values when the

4
sample was re-loaded and re-scanned 10 times. According to Dardenne [3], R%/Iax can be

calculated using equation (2):

RZ = SD§—Rep? 5
Max SD?,

Where, SDy is the standard deviation of the measured values in the calibration set. Rep is the

repeatability of the pyrolysis characteristic reference data. RzMax Is possible only when there are

no errors in the spectra or the model, and it depends on the range and precision of the reference

data.
6.3.5. Spectrum pre-processing and NIR spectroscopy modelling

The model was optimized using the OPUS software, Version 7.0.129, Bruker Optik GmbH,
Germany, with partial least squares (PLS) regression using the test set validation method. The
samples were randomly sub-divided into 80 % for the calibration sample set and 20 % for the
validati

on sample set. The wavenumber range of 12500-3800 cm'1 was equally divided into five sub-
ranges. Spectrum preprocessing was performed by the constant offset elimination; straight line
subtraction; vector normalization, min-max normalization; multiplicative scatter correction (MSCiE
first derivatives, second derivatives; first derivatives+straight line subtraction; first derivatives+
vector normalization and first derivatives+MSC tecﬁniques. The models were developed using a
combination of sub-ranges of wavenumbers and spectrum pre-processing techniques, and the

corresponding root mean square error of prediction (RMSEP) was determined. The model with the
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optimal sub-range of wavenumbers and spectrum pre-processing technique was selected by the
lowest root RMSEP. Spectral pre-processing techniques are required for model development to
remove any irrelevant information that cannot be properly handled by regression techniques [35].
The outliers were determined by the Mahalanobis distance limit. The regression coefficient and X-
loading weight of each PLS latent variable was alsc determined by the software programme and

plotted.

6.3.6. Evaluation of the performance of models

When the best model was selected, the model performance was determined by statistical terms
i.e., coefficient of determination (Rz), root mean 'square error of prediction (RMSEP), ratio of
prediction to deviation (the standard deviation to standard error of prediction, RPD) and bias. R2
can be calculated as follows:

R2 = 1= Zz.n(yi“yxire)z 3)
IT(Yi~Y1)?

Where, Yl is the reference data of the validation set, Ypre is the predicted value, Yl is the
average of the reference data of the validation set and m is the number of samples. It shows the
proportion of the variance in absorption data that can be explained by the variance in the pyrolysis
characteristics data. For example, if R2 equals 0.95, this means that 95 % variance of pyrolysis

characteristics data can be explained by spectral data, while 5§ % is the unexplained variance.

RMSEP can be calculated as follows:

Moy, 2
RMSEP — M (4)
m

Nicolal et al. [35] defined RMSEP as the average uncertainty that could be expected for
predictions of future samples. The bias was calculated as follows:

Y-y,
Bias = W (5)

The bias is the mean difference between the reference and predicted NIR spectra, which describes

the overall accuracy of the calibration model 9 RPD is calculated by:
SD

RPD = SEP | (6)
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SD is the standard deviation of the reference data of the validation set and SEP is the standard
error of prediction. A low RPD means that the reference data are so narrow or have such a high

SEP that the model development is unnecessary el

6.4.Results and discussion

6.4.1. Pyrolysis characteristics of milled bamboo

The Tongets Tshr Tpeaks Toftsets ANd DTG0 Of milled bamboo are shown Table 6:2. There were
2 different levels for Toneer and DTGpqr, and 3 different levels for Ty, Toeaks ANd Tomeer. AS S€EN N
Table 6:2, the standard deviations were high, indicating the difference in pyrolysis characteristics,
even for equal circumferences of culms. Thus, the pyrolysis characteristics did not depend on
circumference. However, the age may have a sigﬁiﬁcant influence on the properties of the fast-
pyrolysis products ¥ Moreover, the different pyrolysis characteristics were affected by the lignin,

R {16, 17, 18, 19, and 20]
cellulose and hemicellulose contents \
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Table 6: 2 Tonset, Tsh, Tpeak, Toffset and DTGpeak of milled bamboo obtained from bamboo trunks with

culms of different circumferences

DTGpeax
Range .
N | Tonset (°C) Ten (°C) Tpeax (°C) Totmset (°C) (weight loss %
(mm) X
/min)
16<L<18 | 8 | 141.725212.454ab | 295.375+10.796abc | 332.818:14.814abc | 385.562+10.959abc
8.83510.739ab
18<L=20 | 6 | 136.233+14.417b | 303.250+17.39%4a 343.541+15.531a 390.833+11.910a | -9.486+1.046b
20<L<22 | 6 | 133.550+8.519b 294.000+£15.241abc | 335.916+15.635abc | 385.166+12.363abc | -8.733+0.678a
22<LS24 | 7 | 141.657+9.866ab | 289.857+12.821abc | 326.471+12.958bc | 380.928+8.757abc | -8.498+0.579a
24<L.<26 | 6 | 137.916+9.370ab | 285.083%1.357¢c 322.000+2.393¢c 377.333+5.988¢ -8.63810.351a
26<LS<28 | 6 | 144.600+8.728ab | 289.5+9.746abc 322.950+8.474¢ 376.58315.219¢ -8.62310.574a
28<L.<30 | 8 | 139.162+13.116ab | 288.87518.096bc 323.81218.110bc 378.81248.668bc -8.451+0.521a
30<L<32 | 8 | 146.250+14.576ab | 293.750+6.181abc | 332.587+9.794abc | 383.625+6.968abc | -8.402+0.261a
32<LS34 | 7 | 138.442+11.296ab | 290.428+10.357abc | 327.685+12.020bc | 379.500+7.643bc -8.38710.520a
34<1.536 | 7 | 153.842+19.677a | 294.214+10.676abc | 332.028+11.605abc | 383.928+8.115abc | -8.261+0.653a
,36<L=38 | 5 | 146.16018.838ab | 301.800+4.868ab 342.700+7.316a 389.900+6.328ab )
8.83410.406ab
_;38<LS40 6 | 141.8831+8.628ab | 298.58319.951abc | 338.183+8.857ab 387.500+7.661abc | -8.471+0.589a

Different letters in the same column indicate different means that are significant at p>0.05, as per

the Duncan multiple range test. N is the number of samples. L is the circumference of the bamboo

culms.
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6.4.2. NIR spectral characteristics of milled bamboo

The vibrational bands of milled bamboo can be observed in Fig.6:2, which shows the NIR
spectra of 80 samples. The main spectral regions were at 6823 em”’ (1466 nm), 5192 cm” (1926
nm), 4752 cm'1 (2104 nm) and 3992 em’” (2505 nm). The waveband at 1471 nm is the first
overtone of N—H stretching of CONHR [25], 1930 nm is the combination band of O-H stretching +
H-O-H bending polysaccharides [26], 2103 nm is the band for (-D- glucose, and 2500 nm is the
band corresponding to C—H stretching + C-C stretching of starch (26l Similar results were also
reported by Yang et al. e for mature bamboo (two years old) and juvenile’ bamboo (one month
old), with many absorption bands in the wavelength region of 1100-2500 nm, including peaks at
approximately 1473, 1925, 2095, 2267 and 2328 nm.

The NIR spectra obtained by scanning the milled bamboo raw material changed when the scanning
environment, i.e., ambient temperature and water dissolved in the ambient air penetrating into the
spectrometer, was changed [38]. In our scanning protocol, this environment was kept constant by
means of an air conditioning temperature controller and a spectrometer humidity controller using a
molecular sieve. However, parameters such as heating rate, inert gas flow rate and pyrolysis
temperature, which were the reference test conditions, might have an effect on the pyrolysis
characteristics. Further, the change of pyrolysis characteristics might affect the prediction models.
Some researchers concluded that the maximum weight loss rate (DTGpeax) decreased with
increasing heating rate because their curves shifted obviously towards the high temperature range
as the heating rate rose [39,40,41]. By observing the DTG curves of these reports, it might be
concluded that Toneer, Ten, Tpeak @8Nd Toser increased with increasing heating rate. Modifications of
reference test conditions, such as heating rate, pyrolysis temperature and inert gas flow rate, would
affect the product and residue yield. Oyedun et al. t reported that residue yields increased with
increasing heating rate, but were very similar. Higher heating rates lead to higher liquid yields,
while lower heating rates lead to higher biochar yields ™ The pyrolysis temperature influences the
bio-product yield. Thus, Irfan et al. w2l reported that for pyrolysis of Achnatherum splendens li
under three different pyrolysis temperatures (300, 500, and 700 °C), the biochar yield decreased
and syngas yield increased when pyrolysis temperature was increased, and the maximum bio-oil

yield was obtained at 500 °C. In addition, the pyrolysis temperature also has an effect on the
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product properties. Lower pyrolysis temperatures and heating rates promote higher mass and
energy yields of biochar, while higher pyrolysis temperatures and heating rates lead to higher mass
and energy yields of the non-condensable gas [43]. Kim et al. " reported that increasing the N, gas
flow rate from 20 to 40 L/min did not change the yield of the pyrolysis products. However, it did
change the bio-oil properties, e.g., by decreasing the water content and increasing the amount of
organic compounds. In our experiment, both scanning and thermogravimetric protocols were fixed.
When the models are proven to be suitabie for use, the developed protocol must be applied to
update the model.
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Figure 6 : 2 NIR spectra of 80 samples of milled bamboo.

6.4.3. Overall precision of reference test

The repeatability, reproducibility and R%nax Of Tonsets Tshs Tpeaks Vofisetr DTGpeax @nd the absorption
at 5176 cm'1 (1932 nm) of milled bamboo are shown in Table 6:3. They had the same precision as
the reference laboratory and NIR spectrometer. While R%/lax is possible only when there are no
errors in the spectra B4 it can be used to indicate whether the NIR model should be developed or
not. R%\/Iax of Tonset Was the lowest, and it was not reasonable to develop a NIR model for this

parameter. However, those of Tg,, Tpeak Tomsetr @nd DTGpe, Were high, due to which it was

reasonable that NIR models should be developed for these.
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6.4.4. Performance of PLS models

Statistical data for Tonsets Tshe Tpeaks Toftset: @Nd DTGpeq Of milled bamboo in the total samples,
calibration set and validation set are shown in Table 6:3. The data were used for model
development and validation. The results of the optimal PLS models for the studied properties are
shown in Table 6:5, where the wavenumber range, spectrum pre-processing method, number of
PLS latent variables, coefficients of determination (Rz) of both calibration and validation, root mean
square error of estimate (RMSEE), root mean square error of prediction (RMSEP), ratio of
prediction to deviation (RPD) and bias are shown. The Rzmax in Table 6:4 was determined when
there was no error in the scanning and the only error was from the reference laboratory source. It
was the maximum possible value of Rz. In Table 6:5, the R2 was the normal Rz, where the sources
of error came from NIR scanning, reference laboratory as well as other unknown sources. Fig. 6:3
displays the scatter plots of measured versus predicted values of the prediction sample set. The
best models for prediction were developed using the wavenumber range of 6102-5446.3 cm'1 for
Tonset; 8046-7155 and 6267.9-4485.9 cm’ for Teny 5874.5-4246.7 e’ for Tpeaks and 9403.8-7498.3
and 6102-4597.7 cm'1 for Touset; @nd 9403.8-7498.3 and 5450.2-4246.7 cm-1 for DTGpeax. The
second-derivative spectrum pre-processing method was used for model development of T and
Tehe and first derivative+vector normalization was used for Tpeaks Torisets @Nd DTG 0. The PLS latent
variable numbers were 7, 7, 9, 9 and 9 for Toneets Tens Tpeaks Toftset @aNd DTGqeak, respectively.

The R2 were 0.566, 0.847, 0.917, 0.894, 0.671; RMSEP were 9.7°C, 4.87°C, 3.77°C, 3.32°C, 0.428
weight loss % /min; RPD were 1.52, 2.59, 3.48, 3.08, 1.75; and biases were -0.344°C, -0.78°C,
0.349°C, 0.352°C, 0.0452 weight loss % /min for Tonsets Tehy Tpeaks Tofrset @Nd DTG,eax, respectively.
Our results show that the models for Toneee and DTG Yielded low R2 of 0.566 and 0.671,
respectively. Those models were not applicable due to the following reasons: R2 of 0.566 indicates
that 56.6 % of the total variation can be explained by NIR spectra, while 43.4 % (100-56.6) of the
total variation is unexplained variance that cannot be explained by NIR spectra. R2 of 0.671
indicates that 67.1 can be explained by NIR spectra while the remaining 32.9 % cannot be
explained by NIR spectra. If R2 is too low, the model results in a high error (unexplained variance).
Many researchers have suggested guidelines for R2 and RPD. For example,.the model that gives
R2 between 0.50-0.64 could be used for rough screening, 0.66-0.81 for screening and some other
“approximate™ calibrations, 0.83-0.90 could be used with caution for most applications and 0.92-
0.96 "could be usable for most applications [36]; the model shows excellent predictions if R2>0.90

and RPD>3, good predictions if 0.81<R2<0.90 and 2.5<RPD<3, only approximate predictions if
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0.66<R2<0.80 and 2.0<RPD<2.5 and poor predictions if R2<0.66 and RPD<2 [45]; RPD between
1.5 and 2 means that the model can discriminate between low and high values of the response
variable; a value between 2 and 2.5 indicates that coarse quantitative predictions are possible; and
a value between 2.5 and 3 or above corresponds to good and excellent prediction accuracies,
respectively [35]. Therefore, the Tt prediction model is not recommended due to low R2 and
RPD. T,nset Showed 43.4 percent variance, which cannot be explained by absorption data. Although
the measured data were in a wide range, it had high values of repeatability and reproducibility. The
T, model showed low bias (approximately -0.765°C), low RMSEP, and high Rz and RPD. The ratic_)
between RMSEP and the mean of the reference value (4.36 °C/293.437°C) was approxi}nately 1.4@
%. Therefore, the Ty, model showed good predictions and could be used with caution for most
applications. For Tp., the model showed high R2 and RPD, low RMSEP and bias. The ratio
between RMSEP and the mean of the reference value (3.77°C /333.368 °C) was approximately
1.13 %. This model is excellent and could be used for most applications. For T,xe. the model
displayed excellent predictive accuracy with high R and RPD and low RMSEP and bias, and may
be used with caution for most applications. The ratio between RMSEP and the mean of the
reference value (2.66°C/383.687°C) was approximétely 0.693 %. On the other hand, for DTG .,
the ratio between RMSEP and the mean of the reference value (0.428 weight loss %/min /-8.525
weight loss %/min) was approximately 5.020 %. It only permitted approximate predictions and
could be used for screening. Moreover, all parameters showed low bias. This means that a better
model could be provided with a wider range of reference data.

Table 6: 3 Statistical data of Tonset, Tsh, Tpeak, Toffset and DTGpeak of milled bamboo used in model

development.

Parameters Data set N’ | Max | Min Mean Range sb®
Total sample 80 | 182.6 | 115.7 | 141.882 | 66.9 12.574
Tonset (°C) Calibration set 64 [ 182.6 | 115.7 | 141.540 | 66.9 11.941
Prediction set 16 | 172.5 | 117.3 | 143.250 | 55.2 15.213
Total sample 791319 | 277 293.063 | 42 10.471
Tsh (OC)
Calibration set 63 | 319 |277 292.777 | 42 10.336
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Prediction set 16 | 316 278 293.437 | 38 11.458

Total sample 80 | 357 313.2 | 331.007 | 43.8 12.283
Tpeak (°C) Calibration set 64 | 357 313.2 | 330.407 | 43.8 12.003

Prediction set 16 | 353.8 | 313.2 | 333.368 | 40.6 13.476

Total sample 78 | 403.5 | 367 382.565 | 36.5 8.646
Totset (°C) Calibration set 62 | 403.5 | 367 382.270 | 36.5 8.457

Prediction set 16 | 398 368 383.687 | 30 9.5639

Total sample 80 | -7.25 | -11.27 | -8.618 4.02 0.638
DTGpeax (weight loss

Calibration set 64 | -7.25 | -11.27 | -8.641 4.02 0.605
% /min)

Prediction set 16 | -7.43 | -10.25 | -8.525 2.82 0.771

Number of samples.

® Standard deviation.

Table 6: 4 Repeatability, reproducibility and R_Max*2 of reference laboratory for Tonset, Tsh, Tpeak,

Toffset and DTGpeak and of absorption at 5176 cm-1 (1932 nm) of milled bamboo.

Parameter Repeatability Reproducibility R’ nax

Tonset 8.8 7.0 0.465

Te 3.9 52 0.877

Tpeak 1.81 2.39 0.979

Totset 1.58 1.89 0.970

DTGpeax 0.199 0.333 0.903

Absorptive value at 0.00467 0.01816 -
5167 cm-1(1932nm) of

sample
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Table 6: 5 Results of partial least squares regression models for determination of Tonset, Tsh, Tpeak,

Toffset and DTGpeak of milled bamboo

R2 is the coefficient of determination. RMSEE is the root mean square error of estimation. RMSEP

is the root mean square error of prediction. RPD is the ratio of standard deviation. Bias is the

average error of prediction.

Wavenumber Calibration Validation
arameters 4 Pre-processing > "
range (cm ) PLS latent variables | R RMSEE | R RMSEP | RPD | Bias
Second
onset 6102-5446.3 7 0.545 | 8.55 0.566 | 9.70 1.52 | -0.344
derivative
8046-7155
Second
sh 6267.9- 7 0.865 | 4.02 0.845 | 4.36 2.58 | -0.765
derivative
4485.9
First derivative
5874.5-
+ vector | 9 0.921 | 3.66 0.917 | 3.77 3.48 | 0.
ek 4246.7 349
normalization
9403.8- First derivative
sifset 7498.3 + vector | 9 0.939 | 2.27 0.917 | 2.66 3.55 | -0.541
6102-4597.7 normalization
“ 9403.8-
First derivative
7498.3
'TGpeax + vector | 9 0.692 | 0.363 0.671 | 0.428 1.75 | 0.0452
5450.2-
normalization
4246.7
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Figure 6 : 3 Scatter plots of measured vs predicted a) Tonset, b) Tsh, ¢) Tpeak, d) Toffset and e) DTGpeak

of the validation set.
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6.4.5. Regression coefficient and X-loading

The regression coefficient plots of the models developed for Tonsets Tshs Tpeaks Toftset 8Nd DTGpeqy are
shown in Fig.6 : 4, while the X-loading plots of the first three factors are shown in Fig.6: 5. The
high values of the regression coefficient and X-loading weight at any wavenumber meant that the

vibration of a particular bond at that wavenumber was the main factor influencing the model

prediction.
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Figure 6 : 4 Regression coefficient piots of the models for a) Tonset, b) Tsh, ¢) Tpeak, d) Toffset and e)
DTGpeak.
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approximately 5543 cm” (1804 nm) (O—-H combination of water) [26],
overtone of C-H stretching of R-C,H,0)

5697 85971.80917 759’7 7097 659’27' 6097 5597 509’7 4597

“Wavenumber (cm?)

Figure 6 : 5 X-loading weight plots of the models for a) Tonset, b) Tsh, ¢c) Tpeak, d) Toffset and e¢) DTGpeak.
LV_1,LV_2 and LV_3 are the PLS latent variables 1, 2 and 3, respectively.
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The regression coefficient plot of T, is displayed in Fig.6 :4a. The most important peaks are at

6094 cm” (1641 nm) (first

I and 5716 cm'1 (1750 nm) (related to the structure
[25]. While the comresponding X-loading weight plot is also shown in Fig. 6:5a, the



most important peaks are at approximately 5901 cm'1 (1695 nm) (related to first overtone of C-H

stretching of CHj3), 5952 cm’” (1680 nm) (related to aromatic C—H of hydrocarbon or aromatic) and

5979 cm’" (1673 nm) (related to C—H aromatic C~H (aryl)). The corresponding absorption bands

with high regression coefficients and X-loading weights are displayed in Table 6:6. The resuits

indicate that the O-H vibrations of water and C-H vibrations of CH; had the highest influence

because there was no volatilization of water during the initial decomposition of hemicellulose

[12]

The CHj is found in the hemicellulose structure. Guimaraes et al. e also reported that the most

important peaks affecting the hemicellulose evaluation model were the first overtone of O-H

stretching, the first overtone of C—H stretching and the combination of the C—H stretching.

®

Table 6: 6 Absorption bands with high regression coefficients and X-loading weights In the model for

Tonset of milled bamboo.

Regression coefficient

Wavelength (hm)
Wavenumber | Wavelength {
" referred from | Bond vibration Structure
{cm) {(nm)
reference

5543 1804 1790[26] O—H combination Water
R-CH-CH

6094 1641 1645[25] C-H stretching first overtone \o/

5716 1750 1750[25] - x-D-glucose

C—H methyl, OH associated as
6002 1666 1664[26] Alcohols, diols
ROHCH,;

5585 1790 1790[26] O-H combination Water
Halogenated

5882 1700 1700[26] C-H methyl, CH.Cl (CH,CI) (gas
phase)
Halogenated

5901 1695 1695[26] C—H methyl, CH3Br (CH3Br) (gas
phase)

5809 1721 1725[25] C-H stretching first overtone CH,

5658 1767 1765[25] C-H stretching first overtone CH,
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5608 1783 1780[25] C-H stretching first overtone Cellulose
Halogenated
5828 1715 1711[26] C—H methyl, CH3Br
(CH3l)
5793 1726 172825} - Hemicellulcse
X-loading weight
Wavelength(nm) PLS
Wavenumber | Wavelength
4 referred from | latent Bond vibration Structure
(cm) (nm)
reference variable
C-H stretching first
5901 1695 1695[25] 3 <CHj4 &
overtone
Hydrocarbon,
5952 1680 1680[26] 2 Aromatic C—H
aromatic
C—H aromatic C-H
5979 1673 1671[26] 1 C—H aryl
(aryh)
Hydrocarbon,
5936 1685 1685{26] 1 C—~H aromatic C-H
aromatic
5450 1835 1834[25] 1 - Q-D-glucose
C-H stretching first
5801 1724 1725[25] 2 CH,
overtone
5712 1751 1750[25]} 3 - -D—glucose
C-H methyl C-H,
5766 1734 1733[26] 1 ether associated as | Ether
(R—O—CHs)
) Halogenated
5828 1716 1711[26] 3 C-H methyl, CH3Br
(CHyl)
5589 1789 1789[25] 1 - O-D—glucose
> T,

For Tq,, the regression coefficient and X-loading weight plots of the first three factors are shown in

Fig.6:4b and 6:5b, respectively. The most important peaks of the regression coefficient plots are at
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approximately 5959 cm’ (1678 nm) (C-H methyl, carbonyl adjacent to (.C=OCHj;) of ketones)
9 5138 cm™ (1946 nm) (C=0 esters and acids (.C=OOR) of acids and esters) [26] and 4872
cm'1 (2052 nm) (N-H combination from polyamide Il of polyamide Il) [26]. For the X-loading
weight plots, the most important peaks are at approximately 5338 cm’” (1873 nm), 4494 cm’” (2225
nm) (related to CHO) [26] and 5230 cm'1 (1912 nm) (related to O-H stretch first overtone of Ar—
OH) [46]. The corresponding absorption bands with high regression coefficients and X-foading
weights are displayed in Table 6:7. Guimaraes et al. e also reported that the first overtone of the

O-H stretch and first overtone of the C—H streich affected the hemicellulose predictions.

Table 6: 7 Absorption bands with high regression coefficients and X-loading weights in the moded for Tsh ¥

of milled bamboo.

Regression coefficient

Wavelength (nm)
Wavenumber | Waveleng
" referred from | Bond vibration Structure
{cm) th (nm)
reference
C—H methyl, carbonyl adjacent as
5959 1678 1678[26] Ketones
(.C=0CHs,)
Acids and
5138 1946 1950(26] C=0 esters and acids (.C=OOR)
esters
N-H combination from polyamide
4872 20562 2053([26] Polyamide |l
||
Hydrocarbons
5905 1693 1694{26] C-H methyl C-H, (.CHa)
, aliphatic
O-H hydrogen bonding between
Water and
5307 1884 1892[26] water and exposed polyvinyl
polyvinyl
-alcohol OH
5211 1919 1920[25] C=0 stretching second overtone | CONH
2xC-H  stretching + C-H
7174 1394 1395[25] CH,
deformation
Silica; optical
7197 1389 1390[26] Si-OH
fibres
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Halogenated
5836 1714 1711[26] C-H methyl C-H, iodine (CHj3l)
(CH3l)
X-loading weight
Wavelength(nm) PLS
Wavenumber | Waveleng
4 referred from | latent Bond vibration Structure
{ecm’) th (nm)
reference _variable
5338 1873 - 2 - -
4494 2225 2230[26] 1 CHO -
O-H stretch first
5230 1912 1910 [46] 3 Ar-OH
overtone
O-H stretching and
HOH deformation { 3-
combination from water | aminopropyltrie
5188 1928 1928[26] 2 in the 3- | thoxysilane-
aminopropyltriethoxysil | ethanol-water
ane-ethanol-water system
system
4980 2008 2008[25] 1 - Sucrose
O-H stretching
5253 1904 1900[25] 1 Starch
second overtone
O-H hydrogen
Water and
bonding between
5288 1891 1892[26] 3 polyvinyl
water and exposed
alcohol OH
polyvinyl alcohol OH
O-H stretching + O-H
5157 1939 1940[25] 3 Water
deformation
N-H asym.
4891 2045 2050[29] 1 CONH,
Stretching+ amide Il
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> T

peak

For Tpea the regression coefficient plots are shown in Fig. 6:4c . The most important peaks are at
approximately 5797 cm’ (1725 nm) (refated to the first overtone of C-H stretching of CH,) [25],
4663 cm'1 (2144 nm) (=C-H stretching + C=C stretching of HC=CH) [25] and 4328 cm'1 (2310
nm) (C-H stretching + C—H deformation of CH,) Bl The X-loading plots of the first three factors
are shown in Fig. 5¢. The high peaks are at approximately 4359 cm'1 (2294 nm) (related to the C—
H aromatic C=H (aryl) of C—H aryl) **, 5196 cm™ (1925 nm) (related to the assigned O—H) =
and 4929 cm'1 (2029 nm) (related to the second overtone of the C=0 stretch of CONH,) [25]. The
corresponding absorption bands with high regression coefficients and X-loadings are displayed in
Table 6:8. T, is the temperature corresponding to the overall maximum of the cellulose
decomposition rate [12]. The peaks of CH, and HC=CH, found in the cellulose and lignin structures,
had the highest influence. The results are similar to those reported by Guimaraes et al. [27], where
the vibration band of the first overtone of C—H stretching was the most important for cellulose
prediction. The Tpea Of the milled bamboo samples had a range of 313.2 to 357 °C (Table 6:4), in
agreement with the result of Jiang et al. [4], where the critical temperature of maximum weight loss
was 347 °C with 10 °C/min for moso bamboo in the pyrolysis process. Cellulose was quickly
decomposed at 315—400 °C o and highly decomposed at 347 °C [21]. Lignin was degraded in a
wide temperature range of 200-600 °C §o- Accordingly, it may be concluded that not only cellulose

but lignin was also degraded at Tpeax.

Table 6: 8 Absorption bands with high regression coefficients and X-loading weights in the model for Tpeak

of milled bamboo.

Regression coefficient

Wavelength
Wavenumber Wavelength
" (nm) referred | Bond vibration Structure
{cm’) (nm)
from reference
5797 1725 1725[25] C~H stretching first overtone CH,
=C-H stretching + C=C
4663 2144 2140[25] HC=CH
stretching

101




C-H

stretching + C-H
4328 2310 2310[25] ) CH,
deformation
5412 1847 - - -
O-H stretching + C-C
4397 2274 2276[25] Starch
stretching
O-H stretching + 2xC-O
5277 1895 1900[25] Starch
stretching
O-H assigned to molecular
O-H molecular
5196 1925 1923[26] water (O-H stretching and
water
HOH deformation)
4744 2108 2110[25] - Hemicellulose
N—H combination from
4872 2053 2053[26] Polyamide 11
polyamide 11
4783 2090 2090([26] O—-H combination Polymeric OH
X-loading weight
Wavelength(nm) | PLS
Wavenumber Wavelength
" referred from | latent Bond vibration Structure
(cm’) (nm)
reference variable
C-H aromatic C-H
4359 2294 2294[26] 3 C—H aryl
(aryl)
O-H assigned to | O-H molecular
5196 1925 1923[26] 2
molecular water water
C=0 stretching
4929 2029 2030[25] 1 CONH,
second overtone
4467 2239 - 2 - -
N-H combination
4868 2054 2053[26] 3 Polyamide |l
from polyamide Ii
O-H stretching + 2x
5296 1888 1900([25] 1 Starch
C—O stretching
NH combination
4497 2224 2220[26] 3 NH from urea
band from urea (N—
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HZ—C=O—N H2)

O-H stretching + O-

4440 2252 2252[25] 1 Starch

H deformation

O-H stretching and

4409 2268 2270[26] 2 c-0O stretching | Cellulose

combination

N-H stretching +

4355 2296 2294[25] 2 Amino acid

C=0 stretching

The intensity of the peaks runs in descending order. '

> T

offset

For T.uet, the regression coefficient and X-oading weight plots of the first three factors are
displayed in Fig. 6:4d and 6:5d , respectively. The iinbortant peaks of the regression coefficient are
at approximately 5273 cm'1 (1896 nm) (related to the O-H hydrogen bonding between water and
exposed polyvinyl alcohol OH of water and polyvinyl alcohol) °°, 5801 cm (1724 nm) (first
overtone of C—~H stretching of CH,) [25], and 9342 cm’ (1070 nm) (O-H combination band,
alcohol or water of alcohols as R—C-0O-H) [26]. The X-loading weight plots showed important peaks
at 4933 cm'1 (2027 nm) (related to C=0 stretching + second overtone of CONH,) [25], 5192 cm”’
(1926 nm) (combination of O—-H stretching and HOH deformation from water molecules in the 3-
aminopropyitriethoxysilane-ethanol-water system) l26]. The corresponding absorption bands with
high regression coefficients and X-loading weight plots are shown in Table 6:9. T,y is the
extrapolated offset temperature. It is the temperature at the end of the DTG curves at which there
is little or no volatilization of the biomass. The O-H bond of polyvinyl alcohol, found in the lignin
structure, had a significant influence. The CH, bond, present in both lignin and cellulose

structures, also had a high infiuence.
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Table 6: 9 Absorption bands with high regression coefficlents and X-loading weights in the model for

Toffset of milled bamboo.

Regression coefficient

Wavelength
Wavenumb | Waveleng
a (nm) referred | Bond vibration Structure
er{cm)) th (nm)
from reference
Water and
O-H hydrogen bonding between water )
5273 1896 1892[26] polyvinyl
and exposed polyvinyl alcohol OH
alcohol
5801 1724 1725[25] C-H stretching first overtone CH,
O-H combination band, alcohol or | Alcohols as R-
9342 1070 1065[26]
water C-O-H
5199 1923 1920[25] C=0 stretching second overtone CONH
9215 1085 1080[25] 2xC—H stretching + 2xC—C stretching Benzene
5415 1847 - - 1
9168 1091 1097[25] 2xC—H stretching + 2xC-C stretéhing Cyclopropane
4667 2143 2140[25] =C~H stretching + C=C stretching HC=CH
9041 1106 - - -
X-loading weight
Wavelength(n | PLS
Wavenumb | Waveleng
4 m) referred | latent Bond vibration Structure
er(cm ) th (nm)
from reference | variable
C=0 stretching + second
4933 2027 2030[25] 1 CONH,
overtone
O-H stretching and HOH | 3-
deformation combination aminopropyltriet
5192 1926 1928[26] 2 from water molecules in the | hoxysilane-
3-aminopropyltriethoxysilane- | ethanol-water
ethanol-water system | system
Si—O-H stretching + Si—O-Si | Silicone
5169 1935 1933[26] 3 ,
combination from silicone (dimethyl
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‘ siloxane)
N-H combination band
N-H from
4860 2058 2060(26] from secondary amide in )
protein
proteins
N-H stretching + C=0 ] i
4683 2135 2132[25] Amino acid
stretching
O-H hydrogen bondin
yeres 9 Water and
between water and )
5304 1885 1892[26]) 5 wwinvl alcohol polyvinyl
expose olyvinyl alcoho
P SN alcohol OH
OH
C-H methyl C-H, nitro | Nitro (CH3) as
6052 1652 1654[26]
(CHaNO,) (CHaNO,)
5319 1880 - - -
C-H stretching first
5944 1682 1685[25] Aromatic
overtone

The intensity of the peaks runs in descending order.

> DTG

peak

For DTG,..x the regression coefficient and X-loading weight plots of the first three factors are
displayed in Fig. 6:4e and 6:5e, respectively. The important peaks are at approximately 8837 cm'1
(1132 nm), 8559 em” (1168 nm) (C—O-C asymrﬁetrical stretch of cellulose and hemicellulose)
[48], and 9157 cm’ (1092 nm) (2xC-H stretches + 2x C—C stretches of cyclopropane) 9 The
important peaks in the X-loading weight plots are at 5184 cm’ (1929 nm) (combination of O-H
stretch and HOH bend of polysaccharides) " and 4386 cm™ (2280 nm) (C-H stretch + C-H

[25]. The corresponding absorption bands with high regression

stretch deformation of CHjs)
coefficients and X-loading weights are shown in Table 6:10.. The results show that polysaccharides
strongly influence DTG« prediction. Polysaccharides;: such as hemicellulose, holocellulose and
cellulose, have a similar molecular structure of —OH groups [49]. The DTG, Which was the overall

. " 12 , e } (e, 17,
maximum of the cellulose decomposition rate increased with increasing cellulose content

18, and 19].

105




Table 6: 10 Absorption bands with high regression coefficients and X-loading weights in the model for

DTGpeak of milled bamboo.

Regression coefficient

Wavelength
Wavenumbe | Waveleng
a (nm) referred | Bond vibration Structure
r{cm) th (nm)
from reference
8837 1132 - - -
C-0O—-C asymmetrical Cellulose,
8559 1168 1160[48] )
stretching hemicellylose
9157 1092 1097[25] 2xC~H stretching + 2x C-C stretching Cyclopropane
8879 1126 - - -
Hydrocarbon,
8779 1139 1142[26] C—H (3v), aromatic C—H
aromatic
9242 1082 1080[25] 2xC—H stretching + 2x C—C stretching Benzene
9099 1099 1097[25] 2xC—H stretching + 2x C—C stretching Cyclopropane
O-H stretching and HOH bending | Polysaccharid
5176 1932 1930[26] i
combination es
O-H combination band, alcohols or | Alcohols as
9334 1071 1065[26]
water R-C-O-H
4494 2225 2230[26] CHO -
8181 1222 1225[25] C—H stretching second overtone CH
5003 1999 2000[25] 2x O-H stretching and C~O deformation | Starch
X-loading weight
PLS
Wavelength(n
Wavenumbe | Waveleng latent
a m) referred Bond vibration Structure
r{cm)) th (nm) variabl
from reference
e
O-H stretching and HOH | Polysaccharid
5184 1929 1930[26] 2
bending combination es
C-H stretching + C-H
4386 2280 2280[25] 3 CH,
stretching deformation

106




4467 2239 - 1 - -
O-H stretching + 2xC-O
5315 1882 1900{25] 1 Starch
. | stretching
4933 2027 2030[25] 1,2 C=0 stretching overtone CONH,
4490 2227 2230[26] 3,2 CHO -
O-H stretching + 2xC-O
5319 1880 1900([25] 3 Starch
stretching
O-H hydrogen bonding | Water and
5280 1894 1892[26} 2 between water and exposed | polyvinyl
polyvinyl alcohol OH alcohol OH
O-H stretching + O-H
5250 1905 1908][25] 3 POH
deformation
N-H/C=0 combination from
4702 2127 2027[26] 2 Polyamide ||
polyamide I
O—-H assigned to molecular
O-H
water (O-H stretching and
5199 1923 1923[26] 1 molecular
HOH deformation
water
combination)

The intensity of the peaks runs in descending order.

6.5.Conclusions

This study focused on NIR spectroscopic methods as an alternative for thermogravimetric analysis
(TGA) to determine Toneets Tens Tpeaks Tofiset @Nd DTGpeax Of milled bamboo. The results show that the
pyrolysis characteristics did not depend on the culm circumference, and the lignocellulosic content
in the bamboo influenced the predictions of the models. The models developed for T, and T,peet
may be used as a nondestructive technique with caution for most applications, and the model
developed for Tpeq is usable for most applications. On the other hand, the model for DTG o May
be used for screening. However, the predictive model for T, is not usable due to high RMSE;D
and low Rz. However, all models showed low bias. This indicates that the developed protocol could

be used to control the pyrolysis processes of bamboo to achieve the most economical and

environmental conditions. In the authors’ opinion, T,neer @aNd Togeer CaAN be used to set the starting
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temperature and the final target temperature of the pyrolysis, both of which are very important
parameters. Oyedun et al. M explained that the final target temperature could greatly influence the
amount of energy used during pyrolysis, and its value could significantly affect the energy cost and
completion time. If the value is too low, the biomass will contain some volatile gas and the process
will take a long time to complete, thus leading to a low amount of bio-oil. On the other hand, if the
value is too high, the amount of energy used by the heater is too high, which affects the energy
cost. To.eet is the temperature at which biomass starts to decompose, and it can be used to set the
gas collection time. If the gas is collected before the biomass starts to decompose, there will be a
high amount of moisture in the gas, which results in low-quality bio-oil. Tpe is the temperature at
the highest degradation rate and DTG, is the maximum rate of decomposition. Their values caﬁ
significantly affect the processing time. It was assumed that if the biomass pyrolysis was carried
out at the temperature Tp.q, it will give the highest decomposition rate of DTGpeq, thus resulting in
the highest processing rate. The NIR spectroscopic model for these pyrolysis characteristics could
be applied to control the process online in real time. The information found in this research can be
used to manage the bamboo biomass feedstock, pyrolysis process, and storage. In addition, the
authors recommend the development of a universal model using different types of biomass, where

the reference value will be in a wide range. Such a model may be useful for many types of

biomass materials.
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